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SUMMARY 

The transition towards a sustainable energy sector, still dominated by fossil 

fuels, requires the integration of alternative solutions to fulfil the increasing global 

energy needs. Hydrogen is seen as a strategic energy carrier characterised by decisive 

strengths with respect to conventional fuels. For instance, it can be “extracted” from a 

wide range of feedstocks through several technologies by using energy in different 

forms (heat, light, electricity). However, techno-economic barriers need to be overcome 

for the deployment of hydrogen as a new energy actor. In this respect, economic, 

environmental and social implications shall be taken into account, and following a life-

cycle perspective is a fundamental requirement to comprehensively check the overall 

performance.  

When evaluating options, sustainability criteria (that involve the pressure on the 

environment, economic feasibility, and social implications as a set of interrelated 

aspects) should be an important part of the strategies of governments and companies. 

However, general solutions to the complex problem of assessing sustainability do not 

exist, and the singularities of a given system usually require a tailor-made 

methodological framework. In light of this, this thesis focuses on developing a 

methodological framework for the sustainability assessment of hydrogen energy 

systems following a life-cycle perspective. The advances refer to straightening 

methodological consistency at the level of both sustainability dimensions (when jointly 

evaluating the environmental, economic and social life-cycle performance of a single 

case study) and case study (when comparing different case studies).  

The procedure to define a common Life Cycle Sustainability Assessment 

(LCSA) framework for hydrogen energy systems started with an extensive literature 

review on Life Cycle Assessment (LCA), Life Cycle Costing (LCC) and Social Life 

Cycle Assessment (SLCA) studies of hydrogen. The review pointes out the unbalanced 

situation in terms of the number of case studies addressing each sustainability 

dimension. A high range of case studies was found to address the environmental 

dimension, a significantly lower quantity was found to address the economic dimension, 

and a scarce number of case studies was found for the social dimension. This 

unbalanced situation, closely linked to the different level of methodological maturity in 



 

 

each pillar, has also influenced the scope of the methodological advances achieved in 

this thesis. 

Within the cloud of LCA studies of hydrogen, considerable differences in 

methodological assumptions were found between the studies, arising concerns about the 

actual comparability of the results. In this situation, in order to mitigate risks of 

misinterpretation and improve the comparability of LCA studies, harmonisation 

protocols for relevant life-cycle indicators of hydrogen systems (carbon, energy, and 

acidification footprints) were defined and applied within this thesis. From their 

application, libraries of harmonised life-cycle indicators were built and are currently 

available for LCA practitioners willing to robustly contextualise the environmental life-

cycle performance of hydrogen. The use of harmonised impacts was proven to be 

valuable not only for case studies of hydrogen production but also when performing 

LCA studies with an extended scope (e.g., the use of hydrogen in fuel cell electric 

vehicles). 

Regarding the economic dimension, economic life-cycle indicators were first 

formulated, then calculated for relevant case studies of hydrogen (viz., hydrogen from 

biomass gasification and steam methane reforming), and finally implemented along 

with the environmental results in a joint two-dimensional interpretation through the 

standardised concept of eco-efficiency. In this phase of the thesis, the effect of the 

internalisation of socio-environmental externalities was also explored. 

Regarding the social dimension, a procedure to quantify social life-cycle 

indicators was detailed and consistently applied to the aforementioned case studies. The 

procedure allowed identifying social hotspots along the supply chain of both 

conventional and alternative hydrogen from biomass gasification. Finally, the specific 

procedure to consistently implement the social implications in the LCSA framework as 

a three-dimensional joint interpretation under sustainability criteria was detailed and 

applied.  

Overall, all the methodological developments in this doctoral thesis pave the 

way towards a sound life cycle sustainability assessment framework to support 

decision-making processes in the field of hydrogen energy systems. However, further 

efforts are still required to consolidate the framework, e.g. widening the number of 

sustainability life-cycle indicators and strengthening the applicability of the framework 

to systems beyond hydrogen production. 
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Introducción 

La demanda mundial de energía, aún dominada por los combustibles fósiles, 

continúa creciendo para satisfacer el nivel de vida de la creciente población mundial y 

permitir que la economía mundial prospere. Satisfacer la demanda energética con 

tecnologías asequibles, limpias y fiables es uno de los principales desafíos de este siglo 

[1].  

El sector energético representa una de las principales fuentes de problemas 

medioambientales, ya que es el que más contribuye a las emisiones globales de gases de 

efecto invernadero [2]. En este contexto, surgen preocupaciones sobre la sostenibilidad 

de la energía. Por lo tanto, es de suma importancia emprender acciones que fomenten la 

integración de tecnologías asequibles y limpias en el panorama energético actual. Con 

ese fin, en Europa se han establecido estrategias centradas en lograr la seguridad del 

suministro de energía, aumentar la eficiencia, reducir las emisiones y expandir el 

mercado energético, al tiempo que se fomenta la innovación y la competitividad de la 

transición energética [3]. Para lograr estos objetivos, actualmente, los esfuerzos de la 

academia y la industria se centran en la investigación de soluciones adecuadas de 

energía alternativa [4,5]. 

Entre las opciones más prometedoras, el hidrógeno como vector energético está 

ganando importancia en un amplio abanico de áreas en el camino hacia un sector 

energético limpio [6]. Sin embargo, hay puntos fuertes y débiles que deben considerarse 

para su despliegue. Por ejemplo, por un lado, el hidrógeno se puede producir a través de 

diferente tecnologías, fuentes de energía y materias primas [7]. Esta flexibilidad permite 

que el hidrógeno se pueda producir potencialmente en todo el mundo como una 

solución global, permitiendo el establecimiento de una "economía del hidrógeno" [8,9]. 

Por otro lado, debe tenerse en cuenta que las barreras tecnoeconómicas vinculadas a 

etapas más allá de su producción aún deben superarse (por ejemplo, la falta de 

inversiones en infraestructura para su distribución) [10]. Así,  

En comparación con otros vectores energéticos, el hidrógeno muestra la ventaja 

de tener un mayor contenido energético por unidad de masa (aproximadamente tres 

veces el contenido de energía del gas natural). Además, agua y energía son los únicos 

productos de su oxidación, lo que hace que el hidrógeno sea un vector de energía 

prometedor para aplicaciones en diferentes sectores. Sin embargo, como el hidrógeno 
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no está disponible directamente en la naturaleza en forma pura (molecular), debe 

separarse de una materia prima a través de procesos de conversión que generalmente 

requieren una gran cantidad de energía, con efectos negativos inevitables en su 

desempeño ambiental y económico. Puede alimentarse una amplia gama de materias 

primas (por ejemplo, agua, combustibles fósiles y biomasa) a una gran variedad de vías 

de producción de hidrógeno. Estas vías involucran tecnologías que son relativamente 

maduras para "extraer" hidrógeno mediante el uso de diferentes tipos de energía (por 

ejemplo, calor, electricidad o luz) [7], lo que hace que el hidrógeno se pueda obtener en 

diferentes situaciones de disponibilidad de recursos. Actualmente, se estima una 

demanda global de hidrógeno de 45-65 Mt por año (principalmente empleado en la 

fabricación de productos industriales). Su producción se basa fundamentalmente en 

rutas termoquímicas que implican el uso de materias primas fósiles (gas natural, 

hidrocarburos y carbón), mientras que solo el 4% del hidrógeno se produce a través de 

vías electroquímicas [11]. 

En general, por un lado, la amplia gama de vías de producción de hidrógeno 

representa una fortaleza clave que hace que el hidrógeno sea un vector estratégico para 

la integración de fuentes limpias y renovables en el sector energético. Por otro lado, 

dado que el desempeño global puede verse muy afectado por otras etapas de la cadena 

de valor (por ejemplo, producción de materia prima, producción de energía, 

infraestructura, etc.), la idoneidad en términos de viabilidad económica, ambiental y 

social tiene que evaluarse siguiendo una perspectiva de ciclo de vida. En este contexto, 

se requiere un enfoque metodológico para una evaluación robusta de la sostenibilidad de 

los sistemas energéticos de hidrógeno [12]. La perspectiva del ciclo de vida permite 

obtener una imagen completa del problema, facilitando la identificación de 

oportunidades para mejorar el comportamiento de los sistemas en puntos clave de su 

cadena de valor. Esta tesis se centra en el desarrollo de un marco metodológico para la 

evaluación de los sistemas energéticos de hidrógeno en términos de sostenibilidad. 
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Objetivos 

En el apartado introductorio se ha destacado la necesidad de un marco metodológico 

a medida para evaluar la sostenibilidad de los sistemas energéticos de hidrógeno desde 

una perspectiva de ciclo de vida. Así, la meta de esta tesis es facilitar la evaluación de 

los sistemas energéticos de hidrógeno bajo criterios de sostenibilidad mediante el 

desarrollo de un marco metodológico robusto con una perspectiva de ciclo de vida. 

Además, dada la falta de coherencia metodológica en la evaluación ambiental del 

hidrógeno mediante análisis del ciclo de vida (comprometiendo la fiabilidad de estudios 

comparativos), la meta de esta tesis implica los siguientes objetivos adicionales: 

 Mejorar la comparabilidad entre casos de estudio mediante el desarrollo y la 

aplicación de protocolos que mejoren la coherencia metodológica en la 

evaluación del ciclo de vida ambiental de los sistemas de energía de hidrógeno. 

 Integrar la evaluación de los indicadores del ciclo de vida económico y 

ambiental de los sistemas de producción de hidrógeno a través del concepto 

estandarizado de ecoeficiencia. 

 Definir un procedimiento para el cálculo de indicadores sociales del ciclo de 

vida para sistemas de producción de hidrógeno, incluyendo su interpretación 

conjunta con los indicadores ambientales y económicos, llegando así a una 

evaluación de sostenibilidad del ciclo de vida. 

El logro de estos objetivos contribuirá a alcanzar el objetivo final de dar soporte a 

los procesos de toma de decisión en el campo de los sistemas energéticos basados en 

hidrógeno. En este sentido, esta tesis se enmarca en el ámbito del desarrollo sostenible y 

la mitigación del cambio climático a través de la descarbonización del sector energético. 
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Metodología 

El alcance de los objetivos definidos en la sección anterior requiere un análisis 

paso a paso para cada una de las tres dimensiones principales de la sostenibilidad. El 

análisis de sostenibilidad del ciclo de vida (ASCV) surge como un metodología 

adecuada cuando se trata de evaluar e interpretar de manera integral los aspectos 

económicos, ambientales y sociales de sistemas bajo una perspectiva de ciclo de vida 

[9]. Con respecto a la evaluación de las dimensiones ambientales y económicas, el 

análisis del ciclo de vida (ACV) [13,14] y el análisis del coste ciclo de vida (CCV) [15] 

surgen como metodologías bien establecidas para el análisis de sistemas. Respecto a la 

evaluación de la dimensión social, el análisis del ciclo de vida social (ACVS) se 

considera una metodología apropiada [16–18], aunque menos madura que el ACV y el 

CCV. 

Análisis del ciclo de vida ambiental 

De acuerdo a las normas internacionales [13,14], el ACV es una metodología 

que evalúa los impactos ambientales potenciales de un sistema. El ACV considera el 

ciclo de vida de un producto, desde la extracción y adquisición de materias primas hasta 

la producción de bienes o servicios, incluyendo el tratamiento al final de la vida útil y la 

disposición final (enfoque de la cuna a la tumba) y permitiendo la subdivisión del 

análisis en diferentes etapas delimitadas por "puertas" intermedias (enfoque de la cuna a 

la puerta, de la puerta a la tumba o de la puerta a la puerta). Este enfoque sistémico 

permite identificar cargas ambientales potenciales a través de las etapas del ciclo de 

vida. Las implicaciones e impactos económicos y sociales están fuera de su alcance. Las 

cuatro etapas principales involucradas en un estudio de ACV son: 

1) Objetivo y definición del alcance. En esta etapa, se definen aspectos clave como los 

objetivos del estudio, los límites del sistema de estudio (es decir, los procesos que 

forman parte del sistema de un producto) y la unidad funcional (UF). 

2) Análisis de inventario. Esta etapa se centra en la recopilación de datos para los flujos 

de entrada y salida involucrados en el sistema. 

3) Evaluación de impacto. Como pasos obligatorios, esta etapa implica (i) la selección 

de categorías e indicadores de impacto del ciclo de vida, (ii) clasificación para vincular 
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las categorías de impacto con los datos del inventario y (iii) caracterización para 

cuantificar los impactos ambientales. 

4) Interpretación. En esta etapa, las conclusiones del estudio se resumen de acuerdo con 

su objetivo y alcance. 

Análisis del ciclo de vida económico 

Con respecto a la evaluación económica, el CCV involucra el análisis de los 

flujos de caja de un sistema durante su vida útil. Se pueden distinguir tres tipos 

principales de métodos de CCV: (i) CCV convencional, (ii) CCV ambiental y (iii) CCV 

social [15]. 

El CCV convencional generalmente abarca los costes de inversión y/o costes de 

operación y mantenimiento, así como los beneficios económicos durante la vida útil de 

un proyecto. Se refiere a la evaluación de los costes internos, generalmente excluyendo 

los costes de gestión del fin de vida y sin internalizar las externalidades. Típicamente, 

los CCV convencionales no requieren un ACV complementario. 

La diferencia principal entre los enfoques alternativos de CCV radica en la 

consideración adicional de los tipos de externalidades internalizadas en la evaluación 

económica. El término "externalidad" se refiere a los costes económicos incurridos (o 

beneficios recibidos) por un tercero, sobre los cuales el tercero no tiene control. En este 

sentido, las externalidades son costes que no están incluidos en los precios de los bienes 

o servicios, pero representan costes (o beneficios) asociados con efectos fuera del 

sistema económico (por ejemplo, sociedad y medio ambiente). 

El CCV ambiental incluye en el balance económico la internalización de las 

externalidades relacionadas con aspectos medioambientales, como el coste externo de 

los daños asociados con el impacto potencial de calentamiento global [15]. A diferencia 

del CCV convencional, uno ambiental está asociado a un ACV, utilizando aspectos 

metodológicos consistentes, como los límites de los sistemas y la unidad funcional. 

Cabe señalar que se debe prestar especial atención a evitar el doble consideración de los 

efectos al interpretar los resultados de un CCV ambiental y su ACV complementario. 

Con el objetivo de monetizar los costes de daños asociados con las emisiones, se aplica 

con frecuencia el enfoque de estimación presentado en el proyecto ExternE [19] en 

estudios de CCV ambientales [17]. Este enfoque permite aplicar factores de 
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monetización a una amplia gama de emisiones contaminantes para calcular los costes de 

daños asociados con, por ejemplo, el cambio climático y la salud humana. 

Finalmente, el CCV social tiene como objetivo incluir todos los efectos externos 

ambientales y sociales, ya sea a corto o largo plazo. Por lo tanto, el CCV social debe 

abarcar una amplia gama de externalidades sociales y ambientales que son difíciles de 

monetizar (por ejemplo, costes externos para el bienestar social, ocurrencia de muertes, 

calidad del trabajo, vida familiar, etc.) [15]. El CCV social todavía se encuentra en un 

estado de definición poco desarrollado, con lo cual se necesitan más esfuerzos de 

investigación para alcanzar una formulación aceptada ampliamente. 

En general, un CCV permite la cuantificación de un número significativo de 

indicadores económicos y financieros (Tabla 1). Estos indicadores permiten integrar los 

efectos sociales y ambientales monetizados en el análisis del flujo económicos como 

una aportación metodológica significativa. En este sentido, dicha internalización puede 

influir potencialmente en la  toma de decisiones [20]. 

Tabla 1. Definición de indicadores económicos de ciclo de vida  

Indicador Definición Expresión a 

Valor actual neto La suma de los flujos netos de 

caja actualizados a lo largo del 

periodo de vida del proyecto. 
𝑉𝐴𝑁 = ∑

𝐹𝑙𝑢𝑗𝑜 𝑑𝑒 𝑐𝑎𝑗𝑎 𝑛𝑒𝑡𝑜𝑡

(1 + 𝑟)𝑡

𝑛

𝑡=0

 

Coste nivelado El coste de equilibrio de un 

producto X (es decir, el precio 

de venta que hace que el VAN 

sea igual a cero). 

𝐶𝑁𝑋 =
𝐶𝑜𝑠𝑡𝑒𝑠 𝑑𝑒𝑙 𝑐𝑖𝑐𝑙𝑜 𝑑𝑒 𝑣𝑖𝑑𝑎

𝑃𝑟𝑜𝑑𝑢𝑐𝑐𝑖ó𝑛 𝑑𝑒 𝑋 𝑑𝑢𝑟𝑎𝑛𝑡𝑒 𝑙𝑎 𝑣𝑖𝑑𝑎 ú𝑡𝑖𝑙
 

Periodo de 

retorno de la 

inversión 

Tiempo requerido para 

recuperar el coste de una 

inversión. 
𝑃𝐷𝑅| ∑

𝐹𝑙𝑢𝑗𝑜 𝑑𝑒 𝑐𝑎𝑗𝑎 𝑛𝑒𝑡𝑜𝑡

(1 + 𝑟)𝑡
= 0

𝑃𝐷𝑅

𝑡=0

 

Tasa interna de 

retorno 

La tasa de descuento que hace 

que el VAN sea igual a cero. 𝑇𝐼𝑅| ∑
𝐹𝑙𝑢𝑗𝑜 𝑑𝑒 𝑐𝑎𝑗𝑎 𝑛𝑒𝑡𝑜𝑡

(1 + 𝑇𝐼𝑅)𝑡
= 0

𝑛

𝑡=0

 

Rentabilidad Relación entre los beneficios 

netos y la inversión inicial. 𝑅 =
𝐵𝑒𝑛𝑒𝑓𝑖𝑐𝑖𝑜 𝑏𝑟𝑢𝑡𝑜 − 𝑖𝑚𝑝𝑢𝑒𝑠𝑡𝑜𝑠

𝐼𝑛𝑣𝑒𝑟𝑠𝑖ó𝑛 𝑡𝑜𝑡𝑎𝑙
 

a r: tasa de descuento, t: índice para el período; VAN: valor actual neto, CNX: coste nivelado de un producto "X"; 

PDR: periodo de retorno de la inversión; TIR: tasa interna de retorno; R: Rentabilidad. 
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Análisis del ciclo de vida social 

Con el objetivo principal de implementar dentro de los análisis las implicaciones 

sociales que intervienen a lo largo de la cadena de suministro un producto, el análisis de 

ciclo de vida social (ACVS) es una metodología útil. El ACVS es un método, cuyas 

directrices fueron definidas por UNEP/SETAC en 2009 [18], para analizar los posibles 

impactos sociales asociados con el ciclo de vida de un sistemas de producto. Los 

fundamentos de las directrices del ACVS son los principios de los derechos humanos, 

en particular la Declaración Universal de Derechos Humanos [21] y otros instrumentos 

como las normas internacionales sobre responsabilidad social corporativa [22] y los 

Objetivos de Desarrollo Sostenible de la ONU [23] (definidos en la Agenda 2030 para 

el Desarrollo Sostenible, adoptada por todos los estados miembros de la ONU). 

Con el fin de englobar temas sociales desde diferentes perspectivas, las 

directrices del ACVS [18] identificaron una amplia gama de subcategorías de impacto 

social clasificadas teniendo en cuenta las partes claves interesadas. Cada subcategoría se 

evalúa de acuerdo con un conjunto específico de indicadores. Por ejemplo, para los 

“trabajadores” como parte interesada, la subcategoría “trabajo infantil” puede 

cuantificarse mediante la combinación de los indicadores sociales de “niños 

trabajando”, “niñas trabajando” y “niños/as trabajando (total)". Se proporcionan más 

detalles sobre los antecedentes de la metodología ACVS en la Sección 2.3.3.1 y en la 

Publicación 8* asociada a esta tesis doctoral. 

La definición de las etapas de ACVS sigue, mutatis mutandis, el marco 

normalizado de ACV. Por analogía, la primera etapa de la metodología ACVS consiste 

en definir el objetivo y el alcance del análisis. Cabe señalar que, dado que el perfil 

geopolítico y económico de los países involucrados en la cadena de suministro tiene una 

influencia primaria en la cuantificación de los impactos sociales de un sistema, el 

alcance geográfico es una información fundamental a establecer en esta primera etapa 

de definición de objetivos y alcances. Además, en esta etapa, se deben especificar 

aspectos clave como los objetivos del estudio, sus restricciones y suposiciones, la UF, 

los indicadores sociales del ciclo de vida y los límites del sistema del producto. 

                                                 
* Publicación 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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La segunda etapa, el análisis de inventario de ciclo de vida social, consiste en 

recopilar las variables de actividad. Mientras que en el ACV ambiental las variables de 

actividad se denotan por niveles de emisiones y flujos elementales (referidos a la UF) 

que cruzan los límites del sistema, en el ACVS el término de actividad se representa por 

el número de horas de trabajo por UF requeridas para producir los flujos económicos 

específicos en los países y sectores involucrados. Para facilitar la definición de 

inventarios sociales, la investigación en el campo de ACVS condujo a la definición de 

bases de datos específicas, como la Social Hotspots Database [24] y la base de datos 

PSILCA [25]. Estas bases de datos se construyen sobre la base de estadísticas globales 

sobre trabajo [26] combinadas con modelos globales de input-output, como GTAP [27] 

o Eora [28], que representan las conexiones económicas y los intercambios de flujo 

entre las industrias y sectores de diferentes países. 

En la etapa de evaluación del impacto social del ciclo de vida, como en el ACV, 

la cuantificación de los impactos se logra multiplicando los términos de actividad por 

los términos de intensidad, acumulándolos a lo largo de las etapas del ciclo de vida 

consideradas. En el ACV ambiental, los términos de intensidad están representados por 

los factores de caracterización que convierten los niveles de emisiones en niveles de 

impactos. Los indicadores del ciclo de vida ambiental generalmente se expresan en una 

cantidad equivalente de una sustancia de referencia emitida por UF. Por lo contrario, en 

el ACVS, los términos de intensidad se denotan por el riesgo social cuantificado en 

"horas de riesgo medio" (mrh) por hora de trabajo (para impactos sociales negativos) o 

en "horas de oportunidad media" (moh) por hora de trabajo (para impactos sociales 

positivos). El nivel de riesgo para cada indicador social debe evaluarse en cada país y 

sector económico involucrado. A través de este enfoque, los impactos sociales 

generalmente se cuantifican en una unidad común, es decir, "mrh por UF" para 

impactos sociales negativos y en "moh por UF" para impactos sociales positivos. En 

Social Hotspots Database y PSILCA, el riesgo social de los indicadores se asigna a cada 

sector específico de cada país de acuerdo con estadísticas de agencias y organizaciones 

internacionales como la Organización Internacional del Trabajo [26], el Banco Mundial 

[29] y la Organización Mundial de la Salud [30]. Es importante recordar que tanto los 

términos de nivel de riesgo como los de horas de trabajo generalmente dependen del 

país específico y del sector económico involucrado a lo largo de la cadena de suministro 

del producto. 
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En la última etapa, la interpretación, los resultados del análisis se discuten y las 

conclusiones, como la identificación de puntos críticos sociales potenciales y los países 

y sectores críticos de suministro, se resumen de acuerdo con el objetivo y el alcance del 

estudio. 

Dentro del concepto tridimensional de sostenibilidad, se identifica la falta de un 

enfoque consolidado para unir los pilares ambiental, social y económico [17]. En 

cambio, sí se dispone de métodos bidimensionales y consolidados que combinan los 

pilares económico y ambiental de la sostenibilidad bajo el concepto estándar de 

ecoeficiencia [31]. En las siguientes secciones, se discuten enfoques metodológicos 

conjuntos para evaluar dimensiones de la sostenibilidad. 

Análisis de ecoeficiencia 

Para involucrar el desempeño económico y ambiental de un sistema de 

productos en los procesos de toma de decisiones, se dispone de la metodología 

normalizada de la análisis de ecoeficiencia [31]. Esta metodología permite evaluar la 

idoneidad de un sistema con respecto a un sistema de referencia abordando 

conjuntamente los problemas ambientales y económicos desde una perspectiva del ciclo 

de vida.  

De acuerdo con la definición normalizada, la ecoeficiencia es un aspecto de la 

sostenibilidad que relaciona el desempeño ambiental de un sistema del producto con su 

valor para una parte interesada, y se requiere una perspectiva del ciclo de vida tanto para 

la evaluación ambiental como para la económica. Siendo la evaluación de ecoeficiencia 

una herramienta útil para comparar alternativas, la consistencia metodológica es un 

tema clave a tener en cuenta [32–34]. 

De manera similar a la metodología ACV, cuando se define el objetivo y el 

alcance en la evaluación de la ecoeficiencia de los sistemas de producto, es esencial que 

se describa claramente el sistema bajo análisis, así como sus funciones y la unidad 

funcional, los límites del sistema, el método de evaluación ambiental y los indicadores 

del ciclo de vida que caracterizarán el desempeño ambiental del sistema, los métodos de 

asignación y las limitaciones del estudio. Además, cuando se realiza una evaluación de 

ecoeficiencia, se requiere la definición del método de evaluación del valor del producto. 

A este respecto, el indicador del valor del producto cuantifica numéricamente el valor 

del sistema para uno (o más) de los interesados involucrados (por ejemplo, gerente de 
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planta, usuarios, etc.). Cabe señalar que, de acuerdo con la metodología, el indicador del 

valor del sistema del producto puede elegirse para reflejar, por ejemplo, sus recursos, 

producción, eficiencia de uso o una combinación de estos. Por lo tanto, el indicador de 

valor puede expresarse en diferentes unidades, como un valor monetario o un valor 

funcional de acuerdo con el objetivo y el alcance del estudio. El indicador de 

ecoeficiencia debe ser construido como una combinación de los indicadores ambientales 

y de valor del sistema, y cuantificará numéricamente el rendimiento general del sistema. 

La cuantificación de la ecoeficiencia se logra relacionando los resultados del 

perfil ambiental y la evaluación del valor del sistema del producto de acuerdo con el 

objetivo y el alcance del estudio. A este respecto, una mejora del indicador ambiental o 

del indicador del valor del sistema del producto producirá un aumento del indicador de 

ecoeficiencia. En esta etapa, cuando se comparan los rendimientos (por ejemplo, de un 

sistema alternativo con respecto a un sistema de referencia), el "Factor-X" es un 

indicador útil para informar de los resultados de ecoeficiencia. El "Factor-X" se calcula 

coma la ecoeficiencia del "Producto A" entre la ecoeficiencia del "Producto B" y 

representa el nivel relativo de mejora o empeoramiento del "Producto A" con respecto 

al "Producto B". 

Finalmente, en la etapa de interpretación de los resultados, se recomienda la 

formulación de conclusiones, limitaciones y recomendaciones, así como una discusión 

sobre la relación entre los resultados ambientales y el valor de sistema. 

Evaluación de sostenibilidad del ciclo de vida 

Cuando la evaluación de sostenibilidad involucra las dimensiones ambiental, 

económica y social con una perspectiva del ciclo de vida, la metodología de referencia 

es el análisis de sostenibilidad del ciclo de vida (ASCV) [17,35,36]. 

La metodología de evaluación de sostenibilidad del ciclo de vida se expresa 

convencionalmente a través de la fórmula conceptual "ASCV = ACV + CCV + ACVS" 

[37]. Sin embargo, la investigación en este campo llevó a proponer conceptos 

alternativos del ASCV [17,35]. Entre los más citados, se distinguen los conceptos de 

"ASCV = ACV nuevo" y "ASCV = ecoeficiencia + ACVS". El concepto "ASCV = 

ACV nuevo" comienza con un ACV ambiental e implica la cuantificación de 

indicadores económicos y sociales adicionales del ciclo de vida sobre la base del mismo 

inventario de ciclo de vida. Alternativamente, “ASCV = ecoeficiencia + ACVS” se 
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construye complementando el análisis normalizado de ecoeficiencia con el ACVS para 

cubrir los impactos sociales. Independientemente del concepto empleado, es importante 

destacar que, cuando se realiza el ASCV de un sistema, es esencial un alto grado de 

consistencia metodológica entre las tres componentes (ACV, CCV y ACVS). Por 

ejemplo, las decisiones metodológicas sobre la selección de la unidad funcional, el 

enfoque de multifuncionalidad y los límites de sistema deben ser homogéneas cuando se 

realizan el ACV, el CCV y el ACVS por separado. Además, para evitar efectos de doble 

consideración, al interpretar conjuntamente los resultados de las tres dimensiones de 

sostenibilidad, se debe evitar el uso de indicadores de sostenibilidad del ciclo de vida 

correlacionados. 

Con el propósito de una representación clara de los resultados de un ASCV para 

el público, que no siempre está compuesto por expertos en análisis de sostenibilidad, en 

la literatura se proponen varios enfoques para comunicarlos. Por ejemplo, Traverso et 

al. [38] propusieron un índice único que puede involucrar una agregación a nivel 

intradimensional (es decir, una puntuación única por cada dimensión de sostenibilidad) 

o en los niveles multidimensionales (una puntuación única para sostenibilidad). Otros 

autores [39] propusieron un conjunto de indicadores ambientales, económicos y sociales 

sin agregarlos. Dada la ausencia de un decisor final, en esta tesis no se afronta el uso de 

herramientas de análisis multicriterio u otros métodos de agregación y ponderación, que 

requerirían una discusión separada y específica [40]. 

Enfoque para el análisis de sistemas energéticos de hidrógeno 

De acuerdo a la literatura científica disponible sobre el análisis de sistemas 

energéticos de hidrógeno con perspectiva de ciclo de vida, la situación con respecto al 

número de estudios de ACV, CCV y ACVS se encuentra significativamente 

desequilibrada. De hecho, un número relativamente alto de estudios aborda la 

dimensión ambiental a través del ACV, con calentamiento global (global warming 

impact potential, GWP), la acidificación (acidification impact potential, AP) y la 

demanda energética acumulada (cumulative energy demand, CED) como los 

indicadores ambientales más comunes [4]. Por el contrario, el número de estudios de 

CCV es relativamente bajo, y prácticamente nulo en cuanto a estudios de ACVS o 

ASCV. 
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De acuerdo a esta descripción general de la literatura en el campo de la 

evaluación de sostenibilidad, se establecieron dos bloques principales de desarrollo 

metodológico. El primero se refiere a la identificación de tendencias en estudios de 

ACV y su armonización. El segundo bloque se centra en ampliar el análisis de 

ecoeficiencia, social y de sostenibilidad de los sistemas de hidrógeno (Figura 1). 

 

Figura 1. Pasos metodológicos seguidos en la presente tesis para el ASCV de sistemas energético de hidrógeno 

Como primer paso hacia la definición de un marco coherente para las 

evaluaciones individuales y comparativas del ciclo de vida, se deben identificar las 
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principales tendencias metodológicas en los ACV de los sistemas de hidrógeno. En este 

sentido, la revisión de los ACV de hidrógeno realizada en esta tesis incluye trabajos 

disponibles hasta diciembre de 2015. La muestra general involucra 509 casos de estudio 

originales encontrados en 97 artículos. Las tendencias metodológicas se identifican 

dentro de las etapas de definición del alcance, análisis del inventario del ciclo de vida y 

evaluación del impacto del ciclo de vida. En general, la revisión identificó diferencias 

metodológicas sustanciales, destacando la necesidad de un procedimiento robusto para 

comparaciones coherentes entre los casos de estudio. Al contextualizar diferentes 

sistemas, se puede abordar un procedimiento de armonización para crear características 

clave homogéneas en términos de aspectos técnicos y metodológicos y/o 

reglamentarios. 

Un número considerablemente menor de estudios evalúa la dimensión 

económica desde una perspectiva del ciclo de vida, con los costes de capital, los costes 

operacionales, el coste nivelado de hidrógeno (CNH) y los costes externos relacionados 

con el cambio climático como los indicadores económicos de ciclo de vida más 

considerados. Cabe señalar que menos de la mitad de estos estudios de CCV abordan 

los sistemas de producción de hidrógeno renovable, y solamente un pequeño número de 

ellos proporciona una interpretación conjunta de los indicadores del ciclo de vida 

ambientales y económicos [41]. 

Con respecto al ACVS, siendo un área relativamente novedosa, su aplicación a 

los sistemas de hidrógeno aún es muy escasa. Por lo tanto, la identificación de los 

indicadores sociales del ciclo de vida más comunes podría ser engañosa. Los pocos 

estudios que evalúan la dimensión social con una perspectiva real del ciclo de vida 

abordan el hidrógeno producido a través de la electrólisis alcalina de agua con 

diferentes mixes nacionales de producción de electricidad [39,42,43]. Dado el escaso 

número de casos de estudio en la literatura que evalúan el ACVS del hidrógeno y ante la 

falta de una metodología normalizada, el desarrollo metodológico de un protocolo de 

armonización específico para ACVS no puede llevarse a cabo. En este sentido, dentro 

de los objetivos de esta tesis, los avances en la evaluación de la dimensión social de la 

sostenibilidad de los sistemas energéticos de hidrógeno consisten en la definición y la 

aplicación de un enfoque metodológico para calcular los indicadores sociales del ciclo 

de vida como se detalla en la Sección 2.3.3.1. 
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Resultados 

Este apartado recoge los avances metodológicos en el ACV, el CCV y el ACVS 

de sistemas energéticos de hidrógeno hacia la definición de un marco metodológico de 

ASCV completo. El marco involucra de manera robusta evaluaciones ambientales, 

económicas y sociales con una perspectiva del ciclo de vida. En primer lugar, cada una 

de las tres dimensiones de sostenibilidad se implementa y luego se interpretan 

conjuntamente bajo criterios de ecoeficiencia sostenibilidad.  

Armonización de la dimensión ambiental  

La identificación y el análisis de las tendencias en las elecciones metodológicas 

son de suma importancia no solo para realizar nuevos estudios de ACV de los sistemas 

energéticos de hidrógeno, sino también para la definición de un marco metodológico 

para armonizar sus resultados. Con el fin de identificar y analizar tendencias, se realizó 

una revisión bibliográfica exhaustiva de estudios de ACV de sistemas de hidrógeno. 

Esta revisión consideró 97 artículos científicos publicados hasta diciembre de 2015, en 

los que se encontraron 509 casos de estudio. Estos se clasificaron, en base al proceso de 

producción de hidrógeno, en tres categorías: termoquímica, electroquímica y biológica. 

Se observó que la mayoría de los sistemas energéticos de hidrógeno definen los 

límites “hasta la puerta”, mientras que los límites “hasta la tumba” se encontraron 

principalmente para el uso del hidrógeno en movilidad. La unidad funcional 

seleccionada principalmente se basa en la masa o energía para los estudios “hasta la 

puerta”, mientras que la distancia recorrida se usa típicamente en estudios “hasta la 

tumba”. Se encontró que la multifuncionalidad se aborda principalmente mediante la 

expansión del sistema y, en menor medida, mediante asignación física. 

Con respecto a la etapa de inventario del ciclo de vida, se identificaron como 

principales fuentes de datos la literatura científica y las bases de datos del ciclo de vida. 

Con respecto a la etapa de evaluación del impacto del ciclo de vida (Figura 2), las 

categorías de impacto más comúnmente evaluadas son el calentamiento global (es decir, 

la huella de carbono), la acidificación y el consumo de energía a través de los métodos 

IPCC, CML y VDI, respectivamente. 
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Figura 2. Indicadores de ciclo de vida y método de impacto. i1: calentamiento global; i2: acidificación; i3: consumo 

de energía (total); i4: eutrofización; i5: agotamiento de la capa de ozono; i6: formación de oxidantes 

fotoquímicos; i7: consumo de energía (fósil); i8: consumo de energía (no renovable); i9: agotamiento de 

recursos abióticos; i10: toxicidad humana; i11: uso del suelo; i12: salud humana 

En general, la revisión logró identificar tendencias relevantes en las elecciones 

metodológicas como el uso frecuente de la expansión del sistema en la evaluación de 

sistemas multifuncionales y uso de bases de datos comerciales como fuente principal de 

información bajo enfoques orientados más a la producción de hidrógeno que a su uso. 

En particular, esta revisión proporcionó la base para la definición de un marco 

metodológico para armonizar los resultados de ACV de sistemas de hidrógeno. Una 

discusión más profunda sobre las tendencias observadas se encuentra disponible en la  

Publicación 1* asociada a esta tesis doctoral. 

La mayoría de los estudios son comparativos y muestran diferencias 

significativas en términos de decisiones metodológicas. Estas diferencias afectan de 

forma relevante a los resultados de los estudios de ACV y obstaculizan su interpretación 

robusta. Dentro de este contexto, se emprendió la armonización de los resultados de 

ACV bajo un marco metodológico coherente. Se desarrollaron protocolos para la 

armonización de los indicadores más comunes: el impacto de calentamiento global 

(GWP), la demanda de energía acumulada no renovable (CED) y la acidificación (AP).  

                                                 
*  Publicación 1: Valente A, Iribarren D, Dufour J. Life cycle assessment of hydrogen energy systems: a 

review of methodological choices, The International Journal of Life Cycle Assessment, 2017, 22, 346-

363 
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Cada protocolo proporciona instrucciones específicas para su aplicación. La 

formulación de los protocolos tiene en cuenta las tendencias metodológicas clave 

observadas en la revisión de la literatura realizada, así como otros documentos 

relevantes para la realización de ACVs [13,14,44]. Como resultado, los protocolos de 

armonización abordan aspectos de: 

• Enfoque del inventario del ciclo de vida. 

• Método de evaluación del impacto del ciclo de vida. 

• Límites del sistema e inclusión de bienes de capital. 

• Unidad funcional. 

• Enfoque de multifuncionalidad. 

• Condiciones finales de hidrógeno. 

La Figura 3 muestra el sistema genérico de energía de hidrógeno armonizado. 

Más detalles sobre los protocolos para GWP, CED y AP se encuentran disponibles en 

las publicaciones 2*, 3† y 4‡, respectivamente. Los protocolos formulados se aplicaron a 

un amplio número de casos de estudio de ACV de hidrógeno renovable encontrados en 

la revisión bibliográfica, así como a un caso de estudio de referencia de hidrógeno 

convencional a partir de reformado de metano con vapor (SMR_H2). 

Por lo tanto, como resultado de la aplicación del protocolo, se generó una base 

de datos de indicadores armonizados del ciclo de vida de hidrógeno. Se espera que esta 

base de datos crezca progresivamente a través de la aplicación de los protocolos por 

parte de otros investigadores de ACV que aborden sistemas de hidrógeno. 

                                                 
* Publication 2: Valente A, Iribarren D, Dufour J. Harmonised life-cycle global warming impact of 

renewable hydrogen, Journal of Cleaner Production, 2017, 149, 762-772 

† Publication 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 

‡ Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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Figura 3. Sistema energético de hidrógeno armonizado 

La aplicación de los protocolos mostró que los resultados armonizados mejoran 

los estudios comparativos del ciclo de vida al mitigar el riesgo de malinterpretación y 

demostrar mejor la relación esperada entre indicadores como la huella de carbono y la 

huella de energía no renovable. Se proporciona más información sobre el estudio de 

correlación entre GWP y CED en las publicaciones 3* y 5†. 

En general, se encontró que la armonización lleva a resultados con más 

desviación respecto al valor original para las categorías de hidrógeno termoquímico y 

biológico. Se averiguó que las fuentes de posible malinterpretación generalmente se 

relacionan con inconsistencias en términos de los límites del sistema (por ejemplo, 

inclusión de la compresión de hidrógeno) y el enfoque de multifuncionalidad. 

Es importante tener en cuenta que los valores obtenidos aplicando los protocolos 

no deben entenderse como una corrección de los resultados originales, sino como una 

                                                 
* Publicación 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 

† Publicación 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, en Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapur, ISBN 978-981-13-2456-7 
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fuente de nuevos indicadores armonizados del ciclo de vida que provienen de un marco 

coherente que facilita las comparaciones entre diferentes casos de estudio. 

Profundizando en este objetivo, dentro de la iniciativa de armonización de los ACVs de 

hidrógeno, el grupo de investigación de la Unidad de Análisis de Sistemas de IMDEA 

Energía ha lanzado recientemente el software GreenH2armony® [45] para facilitar el uso 

de estos protocolos. 

El uso de indicadores armonizados del ciclo de vida se puede extender a estudios 

comparativos que involucren etapas del ciclo de vida más allá de la producción de 

hidrógeno, por ejemplo, el uso. En este sentido, el uso de impactos armonizados del 

ciclo de vida permite incluir de manera robusta los impactos asociados con una entrada 

de hidrógeno sin requerir la implementación específica de datos de inventario para el 

hidrógeno hasta la etapa de compresión. En este sentido, en el marco de la presente tesis 

doctoral se ha explorado el papel del hidrógeno como combustible en los automóviles 

de pasajeros con pila de combustible de membrana de intercambio de protones 

(PEMFC). El estudio (detallado en la Publicación 6*) recoge tres opciones diferentes de 

producción de hidrógeno: (i) reformado de metano con vapor, (ii) gasificación de 

biomasa y (iii) electrólisis alcalina alimentada por energía eólica. Esto permitió 

comprender el papel del hidrógeno como combustible con respecto a la caracterización 

ambiental global del automóvil. Se concluyó que la elección del origen del hidrógeno 

afecta significativamente el comportamiento del ciclo de vida de los vehículos PEMFC. 

El hidrógeno fósil se asoció con un aumento sustancial en los impactos ambientales del 

ciclo de vida del sistema en comparación con el mismo automóvil alimentado con 

hidrógeno renovable. Sin embargo, se encontró que la elección de la opción de 

hidrógeno renovable preferida está condicionada por los indicadores del ciclo de vida 

que el decisor priorice.  

Evaluación e implementación de la dimensión económica 

En el caso específico del hidrógeno, dadas las dificultades para definir un precio 

de venta específico debido a las incertidumbres inherentes a la evolución del mercado, 

es preferible caracterizar la dimensión económica mediante un indicador asociado con 

el coste en lugar de con el precio. Entre los indicadores económicos del ciclo de vida 

                                                 
* Publicación 6: Valente A, Iribarren D, Candelaresi D, Spazzafumo G, Dufour J. Using harmonised life-

cycle indicators to explore the role of hydrogen in the environmental performance of fuel cell electric 

vehicles, International Journal of Hydrogen Energy (in press), DOI:10.1016/j.ijhydene.2019.09.059 
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más típicos presentados en la Tabla 1, el coste nivelado de hidrógeno (CNH) se 

identifica como el más apropiado. Prmite realizar comparaciones entre tecnologías con 

características diferentes en términos de tamaño, capacidad, vida útil, etc., incluyendo 

diferentes contribuciones económicas y financieras al coste final (costes de operación y 

mantenimiento, impuestos, costes evitados, ingresos, costes de capital, etc.) [46]. Cabe 

señalar que, dada la falta en la literatura de una masa crítica de casos de estudio que 

evalúen el CNH, en esta tesis no se persigue el desarrollo metodológico de un protocolo 

de armonización específico para la dimensión económica. Por lo tanto, dentro de los 

objetivos de la tesis, los avances en la dimensión económica para la evaluación de la 

sostenibilidad de sistemas energéticos de hidrógeno consisten en la definición y 

aplicación de un enfoque metodológico para calcular el CNH. Este enfoque se detalla en 

la Sección 2.3.2.1 y en la  Publicación 7 *. 

Como se describe en la Tabla 1, el coste nivelado puede definirse comúnmente 

como el precio de venta de un producto que hace que el valor actual neto (VAN) sea 

nulo, es dicir, el precio de venta mínimo de un producto que evita pérdidas económicas 

al final de un proyecto. Para calcular el coste nivelado de los sistemas, se requieren dos 

elementos: el coste total del sistema durante su vida útil y la producción durante la vida 

útil, ambos descontados a los valores actuales [46]. El procedimiento para calcular el 

CNH tiene en cuenta los costes de capital (CAPEX), los costes de operación (OPEX), 

los impuestos y, opcionalmente, las externalidades (Ex) como se expresa en la Ecuación 

(i): 

𝐶𝑁𝐻 = 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 + 𝐼𝑀𝑃𝑈𝐸𝑆𝑇𝑂𝑆 + 𝐸𝑥                                               (i) 

La Ecuación (ii), en el numerador, detalla las expresiones de los cuatro términos de 

la Ecuación (i) divididos por un denominador común: 

CNH =
∑ 𝐼𝑡∙(

1+𝑖
1+𝑑

)
𝑡

𝑛
𝑡=0 +∑ [(𝐹𝑡+𝑉𝑡)∙(

1+𝑖
1+𝑑

)
𝑡
+𝐴𝑡]𝑛

𝑡=0 +∑ (𝐵𝑡∙𝑟)∙(
1+𝑖
1+𝑑

)
𝑡

𝑛
𝑡=0 +∑ (𝑄𝑡∙𝑒𝑡)∙(

1+𝑖
1+𝑑

)
𝑡

𝑛
𝑡=0  

∑ 𝑄𝑡∙(
1+𝑖
1+𝑑

)
𝑡

𝑛
𝑡=0

             (ii) 

dónde: 

n es el número de años de vida útil de la planta menos uno; 

t es el término anual considerado; 

                                                 
* Publicación 7: Valente A, Iribarren D, Gálvez-Martos JL, Dufour J. Robust eco-efficiency assessment of 

hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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It es el coste asociado con la inversión de capital en el año t; 

d es la tasa de descuento; 

i es la tasa de inflación; 

Ft es la parte fija asociada con los costes de operación y mantenimiento en el año t; 

Vt es la parte variable asociada con los costes de operación y mantenimiento en el año t; 

At representa el plazo de los costes de depreciación para el año t; 

Bt representa el beneficio relativo al año t; 

r es la tasa impositiva; 

et es el coste externo asociado con el cambio climático y la salud humana de 1 kg de 

hidrógeno producido, referido al año t; 

Qt es la producción de hidrógeno en el año t expresada en kg, que tiene en cuenta la 

relación de degradación anual del sistema (DEG) como se muestra en la Ecuación (iii): 

𝑄𝑡 = 𝑄𝑖𝑛𝑖𝑐𝑖𝑎𝑙 · (1 − DEG)𝑡                                                                                                      (iii) 

En la  Publicación 7 * asociada a esta tesis doctoral se proporcionan más detalles 

sobre la definición del CNH. En la misma publicación, el CNH formulado en la 

Ecuación (ii) se aplicó para comparar el desempeño económico del hidrógeno obtenido 

por gasificación de biomasa (BG_H2) frente al hidrógeno convencional obtenido por 

reformado con vapor de metano (SMR_H2) referido al contexto geográfico español. Los 

resultados muestran que, en general, el CNH para el BG_H2 (3.59 €·kg-1 H2 sin 

externalidades y 3.63 €·kg-1 H2 con externalidades) es significativamente mayor que 

para el SMR_H2 (2.17 €·kg-1 H2 sin externalidades y 2.74 €·kg-1 H2 con externalidades), 

y la inclusión de los costes externos relacionados con el cambio climático y la salud 

humana, aunque significativos, no inclinan la balanza a favor de la opción de hidrógeno 

renovable. Con respecto a los principales contribuyentes al CNH, se concluyó que los 

OPEX desempeñan el papel principal en ambas opciones de hidrógeno, representando 

más del 60% del CNH en cualquier caso. A este respecto, los costes de biomasa en 

BG_H2 y de gas natural en SMR_H2 dominan los respectivos costes de operación. Con 

respecto al CAPEX, se encontró que afectan más en el BG_H2 que para el SMR_H2, 

mientras que los impuestos (excluyendo las externalidades) mostraron una contribución 

similar en ambas opciones de hidrógeno. 

                                                 
* Publicación 7: Valente A, Iribarren D, Gálvez-Martos JL, Dufour J. Robust eco-efficiency assessment of 

hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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Llegados a este punto, es posible presentar los avances metodológicos en análisis 

de ecoeficiencia de sistemas energéticos de hidrógeno. Para realizar la evaluación de 

ecoeficiencia se requiere la cuantificación del desempeño ambiental y del valor del 

producto con una perspectiva del ciclo de vida. Es importante destacar la importancia de 

la coherencia en los aspectos técnicos y metodológicos en la evaluación de los 

indicadores. Para el caso específico de los sistemas de producción de hidrógeno 

ilustrados en esta tesis, los indicadores ambientales del ciclo de vida se seleccionaron 

entre los más relevantes (huella de carbono, acidificación y demanda de energía no 

renovable acumulada) para los que hay bibliotecas de indicadores armonizados 

disponibles (Sección 2.3.1.3). Este enfoque garantiza la coherencia metodológica en la 

evaluación del desempeño ambiental permitiendo estudios comparativos robustos. 

El indicador del valor del sistema para la evaluación de ecoeficiencia se basó en el 

coste nivelado del hidrógeno (CNH) en las dos variantes (sin y con internalización de 

externalidades). El cálculo de ecoeficiencia (EE) se realizó con la siguiente ecuación: 

𝐸𝐸𝑘,𝑗 =
1/𝐶𝑁𝐻𝑘

𝑗𝑘
                                                                                                             (iv)      

que representa la razón del recíproco del CNH para la tecnología k respecto al impacto 

ambiental armonizado j. Cabe señalar que el numerador de la Ecuación (iv) representa 

el indicador del valor del sistema, que denota la cantidad de hidrógeno producido por 

euro gastado. En el denominador, los impactos armonizados j son los indicadores 

ambientales del ciclo de vida. A través de esta formulación, como requiere el 

procedimiento normalizado de ecoeficiencia [31], una mejora del indicador ambiental o 

del indicador del valor del sistema del producto aumentará la puntuación del indicador 

de ecoeficiencia. 

En línea con los objetivos de esta tesis, se aplicaron los avances metodológicos para 

comparar la ecoeficiencia a los casos anteriores de hidrógeno renovable e hidrógeno 

convencional. Los valores de los impactos armonizados del ciclo de vida (GWP, AP y 

CED) para los dos sistemas se obtuvieron de la biblioteca respectiva de impactos 

armonizados (Sección 2.3.2.1). En la Tabla 2 se muestran los valores armonizados para 

el caso de estudio de hidrógeno convencional (SMR_H2) y el caso de hidrógeno 

renovable de gasificación de biomasa (BG_H2).  
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Tabla 2. Impactos de ciclo de vida armonizados para el caso de referencia y el caso alternativo (impactos por kg H2) 

Ref. Código Tecnología de producción de hidrógeno 
GWP 

(kg CO2 eq) 
CED 

(MJ) 
AP  

(g SO2 eq) 

[47] SMR_H2 Reformado de metano con vapor (caso de referencia) 11.43 200.95 18.59 

[47] BG_H2 Gasificación de biomasa  0.18 25.36 14.46 

 

Al combinar aspectos económicos y ambientales, el hidrógeno renovable muestra 

un desempeño significativamente mejor que el hidrógeno convencional, especialmente 

cuando la ecoeficiencia tiene en cuenta el impacto de GWP o CED. En cambio, debido 

a un impacto de acidificación similar y al menor CNH del hidrógeno convencional, la 

ecoeficiencia para esta categoría de impacto resulta ligeramente más favorable para el 

SMR_H2. Cabe señalar que la internalización de las externalidades no afectó 

significativamente a la interpretación de los resultados. Así, aunque la integración de las 

externalidades condujo a cambios en los resultados cuantitativos, se mantuvo la 

conclusión principal sobre qué opción supera a la otra desde una perspectiva de 

ecoeficiencia. 

En general, el marco metodológico propuesto en este estudio para la evaluación de 

la ecoeficiencia de sistemas de hidrógeno demostró apoyar y enriquecer los procesos de 

toma de decisiones al involucrar y combinar de manera robusta los aspectos ambientales 

y económicos.  

Evaluación e implementación de la dimensión social y análisis de sostenibilidad 

Como se comentó anteriormente en la sección de metodología, los impactos 

sociales se calculan mediante la multiplicación de una variable de actividad y una 

variable de intensidad, acumulada para las etapas del ciclo de vida consideradas para el 

análisis. A este respecto, se requiere cuantificar el número de horas de trabajo por 

unidad funcional (UF) como variable de actividad y el nivel de riesgo por hora de 

trabajo específico como variable de intensidad (expresada en horas de riesgo medio 

“mrh” por hora de trabajo para los sectores relevantes de los países específicos 

involucrados en la cadena de suministro del sistema del producto bajo análisis). 

Dentro del marco definido en esta tesis, al cuantificar el número de horas de trabajo 

por UF como el término de actividad para realizar un ACVS, se distinguieron dos 

situaciones: 
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i) Para las rutas críticas, es decir, actividades que tienen especial relevancia 

ambiental o económica (previamente identificadas a través de ACV y CCV o que el 

analista considera que desempeñan un papel importante en la sostenibilidad), el número 

de horas de trabajo por UF se cuantifica directamente utilizando información específica 

(por ejemplo, datos reales, informes industriales o información bibliográfica específica). 

ii) Para el resto de los procesos involucrados, el número de horas de trabajo se 

cuantifica indirectamente a partir de un aporte económico (evaluado de manera 

consistente con el CCV realizado previamente) y utilizando información de una base de 

datos específica como PSILCA. 

El número de “horas de trabajo por UF” se multiplica por el nivel de riesgo en “mrh 

por hora de trabajo” para cuantificar el impacto social en términos de “mrh por UF” en 

cada una de las plantas involucradas en la cadena de suministro de producción de 

hidrógeno. El impacto social total se calcula como la suma de los impactos en cada una 

de las plantas. El procedimiento puede expresarse matemáticamente según la Ecuación 

(v): 

𝑆𝑗 = ∑ 𝑊𝑝 · 𝑅𝑗,𝑝

𝑛

𝑝=1

 
  

                           (v) 

En esta ecuación, Sj representa la cuantificación (en mrh o moh por UF) del 

indicador social j, n es el número de plantas consideradas en el sistema, y Wp refleja la 

variable de actividad (horas de trabajo) específica de la planta p, y Rj,p es el término de 

intensidad del indicador social j y del sector específico del país para la planta p. 

La aplicabilidad de este procedimiento se demostró para los casos de estudio 

anteriores de hidrógeno convencional (SMR_H2) e hidrógeno renovable a partir de 

gasificación de biomasa (BG_H2). Se seleccionaron tres indicadores sociales del ciclo 

de vida. Dos de ellos, el trabajo infantil total y la brecha salarial de género representan 

disfunciones del mercado laboral relevantes para la categoría de partes interesadas 

"trabajadores". El tercero se refiere al gasto sanitario y es relevante para la categoría de 

partes interesadas "sociedad". Estos tres indicadores se encuentran entre los temas 

sociales recomendados en los ACVS [16,48,49] y son relevantes para los países 

involucrados en el alcance de los sistemas estudiados. Además, están estrechamente 
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relacionados con temas clave dentro de los Objetivos de Desarrollo Sostenible de las 

Naciones Unidas [23]. 

La cuantificación de estos tres indicadores se realizó en términos de mrh por UF 

para cada aspecto social específico. En este sentido, cuanto más alto es un indicador, 

peor es el desempeño social bajo el aspecto específico abordado. En la Publicación 8* se 

proporcionan más detalles sobre la implementación de los inventarios del ciclo de vida 

social para los dos sistemas bajo análisis. 

La Figura 4 muestra la comparación del desempeño social de ambas opciones de 

hidrógeno, así como la contribución desglosada por planta. Las plantas con una 

contribución relativa inferior al 5 % se englobaron dentro de la etiqueta "resto". Para 

SMR_H2, la mayor relevancia de Argelia (DZ) en dos de las tres categorías de impacto 

social está relacionada con el nivel de riesgo observado para el sector del gas natural en 

este país en términos de brecha salarial de género (muy alto) y trabajo infantil (alto). 

 

Figura 4. Comparación entre BG_H2 y SMR_H2 y contribución de casa planta a los impactos sociales 

                                                 
* Publicación 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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Con respecto al BG_H2, la planta de cultivo de chopo con sus procesos asociados se 

identificaron como las principales fuentes del comportamiento desfavorable en términos 

de brecha salarial de género y gasto sanitario. En general, con respecto a la 

identificación de las fuentes de impacto, los resultados del estudio de ACVS muestran 

un alto nivel en concordancia con los de los estudios de ACV y CCV. En este sentido, 

para ambos sistemas de energía de hidrógeno, la principal fuente de impacto ambiental, 

económico y social se refiere a la etapa del ciclo de vida de la producción de materia 

prima debido a su alta demanda (término de actividad). En este sentido, lograr una 

mayor eficiencia de conversión de la materia prima daría como resultado una mejora 

significativa en el desempeño de cada una de las dimensiones de sostenibilidad. 

La combinación de los avances presentados en esta sección de resultados condujo a 

la propuesta del marco metodológico general de ASCV para sistemas energéticos de 

hidrógeno mostrado en la Figura 5.  

 

Figura 5. Marco metodológico para el ASCV de los sistemas energéticos de hidrógeno 



Resumen en castellano 

27 

 

En esta tesis, la "evaluación comparativa de sostenibilidad" (benchmarking de 

sostenibilidad) se refiere a la comparación de un conjunto de indicadores ambientales, 

económicos y sociales del ciclo de vida de una opción de hidrógeno dada con los del 

sistema de referencia representado por el hidrógeno convencional obtenido a partir del 

reformado con vapor de gas natural. 

La interpretación conjunta para la evaluación comparativa de ambos tipos de 

hidrógeno bajo el paraguas de sostenibilidad, se realizó de acuerdo con dicho marco 

metodológico. La Figura 6 muestra la caracterización de los indicadores ambientales, 

económicos y sociales del ciclo de vida del BG_H2 en términos relativos con respecto al 

sistema de referencia (SMR_H2). 

Cabe señalar que, para evitar efectos de doble recuento, los indicadores de 

sostenibilidad del ciclo de vida que implícitamente involucran la huella de carbono en 

su definición (es decir, CNH con externalidades e indicadores de huella de energía no 

renovable) se excluyeron de la interpretación conjunta. En este gráfico, los puntos 

dentro del hexágono indican un mejor comportamiento del BG_H2 en comparación con 

SMR_H2, mientras que los puntos fuera del hexágono indican un peor comportamiento. 

 

Figura 6. Desempeño ambiental, económico y social del hidrógeno de gasificación de biomasa con respecto al 

hidrógeno convencional 
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Se encontró que el BG_H2 supera al SMR_H2 en tres de los seis indicadores de 

sostenibilidad. Por lo tanto, el hidrógeno de la gasificación de biomasa aún no puede 

considerarse inequívocamente como una alternativa sostenible al hidrógeno 

convencional, principalmente debido a preocupaciones económicas y sociales. Sin 

embargo, las mejoras en la tecnología de gasificación de biomasa, especialmente 

aquellas que conduzcan a una mayor eficiencia técnica y una consecuente disminución 

de la demanda de materia prima y mano de obra, mejorarían significativamente el 

comportamiento del sistema en cada una de las tres dimensiones comunes de la 

sostenibilidad.  

Dada la falta de decisores en el estudio, el cálculo de una puntuación única de 

sostenibilidad no se ha tenido en cuenta en esta tesis, dando preferencia a la 

interpretación conjunta de los indicadores seleccionados. Si se requiriese una decisión 

final, se debería desarrollar un análisis multicriterio específico que incluya estos y otros 

indicadores de sostenibilidad de acuerdo a las demandas de los decisores involucrados 

(por ejemplo, legisladores, gerentes de planta o inversores). En la Publicación 8* se 

proporcionan más detalles sobre la aplicación del ACVS y ASCV dentro del objetivo 

del marco metodológico de esta tesis, así como los resultados relacionados con los casos 

de estudio presentados en esta sección. 

En general, los resultados descritos demuestran la viabilidad de los avances 

metodológicos desarrollados. En cuanto a la dimensión ambiental, se ha resaltado la 

conveniencia de utilizar indicadores armonizados del ciclo de vida para estudios 

comparativos. Además, se ha proporcionado un enfoque específico para el cálculo de 

los indicadores económicos y sociales del ciclo de vida del hidrógeno. Como resultado, 

la fase de interpretación se enriquece bajo el paraguas de la ecoeficiencia y la 

sostenibilidad, lo que permite un proceso de toma de decisiones más exhaustivo.

                                                 
* Publicación 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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Conclusiones 

En general, se concluye que todos los avances metodológicos desarrollados en esta 

tesis doctoral allanan el camino hacia un marco robusto de evaluación de la 

sostenibilidad del ciclo de vida del hidrógeno. En particular, los avances de esta tesis 

mejoran significativamente la fiabilidad de los estudios comparativos del ciclo de vida. 

En este sentido, se extraen las siguientes conclusiones adicionales: 

 Desde una perspectiva ambiental, el desarrollo de protocolos de armonización y 

bibliotecas de indicadores de ciclo de vida armonizados permitieron la 

comparación robusta de una amplia gama de casos de estudio de hidrógeno. A 

este respecto, el hidrógeno electroquímico generalmente muestra un perfil 

ambiental más favorable que el hidrógeno termoquímico y biológico. Sin 

embargo, algunas características técnicas, como la coproducción de electricidad, 

pueden mejorar significativamente el perfil de las opciones termoquímicas, 

conduciendo a perfiles ambientales mejores que los del hidrógeno electroquímico. 

 El uso de indicadores armonizados del ciclo de vida permitió realizar una 

evaluación robusta de la ecoeficiencia de hidrógeno renovable de gasificación de 

biomasa frente al hidrógeno convencional producido mediante reformado de 

metano con vapor. A pesar de que este último presenta el coste nivelado más bajo 

(2,17 € por kg de hidrógeno sin externalidades), se concluyó que el hidrógeno 

producido mediante gasificación de biomasa representa una alternativa preferible 

al hidrógeno convencional bajo criterios de ecoeficiencia. 

 El uso de indicadores armonizados del ciclo de vida en un sistema extendido, 

incluyendo el uso de hidrógeno, llevó a la conclusión de que el hidrógeno 

renovable es esencial cuando se buscan sistemas energéticos de baja huella de 

carbono y energía. En concreto, al explorar el papel desempeñado por el 

hidrógeno como combustible para el transporte, se concluyó que el tipo de 

tecnología de producción de hidrógeno (fósil o renovable) tiene una influencia 

significativa en el perfil de ciclo de vida del uso de vehículos de pila de 

combustible. 

 Bajo una perspectiva completa de sostenibilidad del ciclo de vida, a pesar de que 

el hidrógeno renovable es un requisito esencial para el despliegue de una 

economía del hidrógeno, indicadores sociales y económicos pueden eclipsar las 
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ventajas ambientales relacionadas con los sistemas de hidrógeno renovable. En 

particular, el desempeño social en términos de brecha salarial de género y gasto 

sanitario no permite una identificación directa de la gasificación de biomasa como 

una solución sostenible. A este respecto, alcanzar la madurez técnica de las 

tecnologías de producción de hidrógeno renovable aliviaría en gran medida estas 

preocupaciones, logrando potencialmente un perfil sostenible global. 

A pesar de que estos avances contribuyen a mejorar la evaluación de la 

sostenibilidad del ciclo de vida del hidrógeno, aún se requieren esfuerzos adicionales 

para consolidar el marco, por ejemplo, ampliar el número de indicadores de ciclo de 

vida y reforzar la aplicabilidad del marco para sistemas más allá de la producción de 

hidrógeno. 

Finalmente, cabe señalar que esta tesis ha servido de base de las recomendaciones 

dadas por la Agencia Internacional de la Energía – Hydrogen Task 36 “Life Cycle 

Sustainability Assessment of Hydrogen Energy Systems”. 
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1.1. The current energy sector 

The global energy demand, still dominated by fossil fuels, continues to grow in 

order to satisfy higher standards of living of the increasing world population and to 

allow the world economy to thrive (Figure 7). The fulfilment of the energy demand with 

affordable, clean and reliable technologies represents one of the main challenges of this 

century. In 2018, around 85 % of the world energy consumption was associated with 

fossil sources, and the primary energy consumption grew by 2.9 % globally with respect 

to the previous year, near twice the average growth rate of the last ten years. This 

increase in energy demand was satisfied mainly by using fossil fuels, in particular using 

natural gas by a 40 %. Subsequently, the carbon emissions increased by 2.0 %, i.e., the 

fastest growth rate of the last seven years [1]. 

 

Figure 7. Energy demand per capita and population growth from 1998 to 2018 

The energy sector (electricity, transport, etc.) is one of the principal sources of 

environmental issues, being the highest contributor to global greenhouse gas (GHG) 

emissions [2]. In this context, significant concerns linked to the sustainability of energy 

arise. It is thus of paramount importance to undertake actions fostering the integration 

of affordable and clean technologies into the current energy landscape. To that end, 

strategies focused on enhancing the security of the energy supply, increasing the 

efficiency, reducing the emissions, and expanding the energy market while encouraging 

the innovation and the competitiveness of the energy transition, are set out in Europe 
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[3]. The European Council in effect agreed with new targets within the 2030 Framework 

for climate and energy [50]. One of the main objectives is to make the energy sector of 

the European Union sustainable, secure and competitive. For instance, key targets set 

towards the decarbonisation of the energy sector are the reduction of the GHG 

emissions by a 40% with respect to the levels of 1990 by 2030 as well as the increase of 

renewable energy share up to at least 27 % of the total consumption. In order to achieve 

these goals, significant efforts of the academy and industry are focused on the research 

of suitable alternative energy solutions [4,5]. 

Among the most promising options, hydrogen is gaining importance in a wide 

range of areas in the path towards a clean energy sector [6]. However, there are 

strengths and weaknesses that have to be considered for this energy carrier. For 

instance, on the one hand, hydrogen can be produced through a large number of 

technological pathways, energy sources and feedstocks [7]. This flexibility allows 

hydrogen to be potentially produced worldwide as a global solution, establishing the so-

called “Hydrogen economy” [8,9]. On the other hand, it has to be taken into account that 

techno-economic barriers linked to stages beyond hydrogen production (such as the lack 

of investments for a well-developed infrastructure for its distribution) have to be still 

overcome [10]. In light of this, this thesis focuses on the development of a 

methodological framework for the assessment of hydrogen energy systems in terms of 

sustainability up to the stage of production. Downstream stages such as hydrogen 

storage, distribution, and use, are out of the scope of this study.  

1.2. Hydrogen energy systems 

In 1766, the French scientist Antoine-Laurent de Lavoisier identified a new 

chemical element, he named it “hydrogène”, i.e. hydrogen in the French language, from 

the ancient Greek meaning “water-generator”, from ὕδωρ (hydor, “water”) and γείνομαι 

(ghéinomai, “that generates”). Hydrogen is one of the most abundant substances in 

nature (for example, the Sun is composed of about 90 % hydrogen by number of atoms 

[51]). In normal conditions, it is a colourless, odourless and non-toxic gas, and it is 

among the most inflammable gases, with flammability limits ranging from 4 % to 76 % 

[52]. Hydrogen is more than 14 times lighter than air, therefore it disperses and leaves 

the atmosphere rapidly. For this reason, it is not directly available in pure form on the 

Earth. 
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The H2 molecule is composed of two atoms that are covalently bound, the 

proton spins can be parallel (ortho-hydrogen) or antiparallel (para-hydrogen). The ratio 

ortho-hydrogen/para-hydrogen depends on the temperature, and it confers important 

characteristics to hydrogen when considering its accumulation in liquid form. In 

standard conditions, hydrogen gas refers to normal-hydrogen (i.e., a blend of 75 % 

ortho-hydrogen and 25 % para-hydrogen). When decreasing the temperature, ortho-

hydrogen is spontaneously converted to para-hydrogen through a slow and exothermic 

process. Since this conversion produces enough heat to favour hydrogen evaporation, 

leading to its leakage, it represents a technical inconvenient when considering liquid 

hydrogen storage [53]. 

1.2.1. Overview of hydrogen production pathways 

Currently, the global hydrogen demand is estimated to be around 45-65 Mt per 

year (mostly employed as a chemical for industrial processes). Its production principally 

relies on thermochemical pathways involving the use of fossil feedstock (natural gas, 

refinery products, and coal), while only 4 % of hydrogen is produced through 

electrochemical pathways [11], mainly as a by-product in chlor-alkali industry. When 

compared with other energy carriers, hydrogen shows the decisive advantage of having 

a higher energy content per mass unit (about three times the energy content of natural 

gas). Moreover, water and energy are the only by-products of its oxidation, making 

hydrogen a promising and clean energy carrier for applications across different energy 

sectors. However, as hydrogen is not directly available in nature in pure (molecular) 

form to be used, it has to be separated from a feedstock through conversion processes 

that generally require a large amount of energy, with negative effects on the 

environmental and economic performance. In this regard, a wide range of feedstocks as 

hydrogen carriers (e.g., water, fossil fuels, biofuels, biomass) are possible to feed a large 

number of production pathways (Table 3). These pathways involve technologies which 

are relatively mature to “extract” hydrogen from its carrier through the use of different 

types of energy (e.g., heat, electricity, light).  
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Table 3. Overview of hydrogen production pathways 

Technology Category Driving energy Hydrogen donor Process efficiency 1 [ref] 

Gasification Thermochemical Heat (feedstock) Water / feedstock 44 – 65 % 2 [11] 

Partial oxidation Thermochemical Heat (feedstock) Water / feedstock < 72 % [54] 

Reforming Thermochemical Heat (feedstock) Water / feedstock 65 – 75 % [11] 

Kværner process 3 Thermochemical Heat Methane 30 – 55 % 4 [55,56] 

Thermolysis Thermochemical Heat Water 18 – 46 % 5 [57] 

Electrolysis Electrochemical Electricity 6 Water 50 – 75 % 7 [7] 

Photoelectrolysis Photoelectrochemical Light/electricity Water 2 – 12 % [58] 

Photolysis Photochemical Light Water < 1 % [59] 

Dark fermentation Biological Feedstock Feedstock 60 – 80 % [60] 

Photo-fermentation Biological Light 8/ feedstock Feedstock < 1 % [60] 

1 Based on the lower heating value 

2 For coal gasification 45 – 65 %, for biomass gasification 44 – 46 % 
3 Plasma arc decomposition of methane 
4 Only associated with H2. The efficiency increases up to 95 % when considering the energy of co-produced solid carbon  
5 From 18 % when water splitting is based on Fe-Cl thermochemical cycles, up to 46 % when based on V-Cl cycles. 
6 Heat is also required in high-temperature electrolysis 
7 Alkaline water electrolysis: 50 – 65 %; PEM electrolysis: 50 – 75 % 
8 Light is needed for microbial metabolism during photo-fermentation  

Regarding thermochemical hydrogen production pathways, starting from a 

carbon-containing feedstock, the intermediate product obtained from the oxidation with 

water of the carbon is synthesis gas (syngas), i.e. a mixture of H2 and CO that can be 

obtained in different proportions. The choice of the appropriate feedstock depends on 

different factors such as its cost and availability, as well as the type of application of the 

syngas. Three main technologies belonging to the thermochemical category can be 

distinguished: (i) reforming of gaseous or liquid light hydrocarbons with steam (steam 

reforming) or with CO2 (dry reforming); (ii) gasification of a solid feedstock (typically 

coal or biomass) with steam and oxygen; (iii) partial oxidation of heavy oil fractions 

with steam and oxygen/air. Alternatively, autothermal reforming involves steam 

reforming with the heat demand satisfied by the partial oxidation (exothermic process) 

of the feedstock. The syngas resulting from the reforming processes undergoes the 

water-gas-shift reaction in order to increase the amount of hydrogen. 

Concerning partial oxidation, it is generally a more cost-expensive option due to 

the high investments in air separation. Thus, this technology is mainly applied when 

suitable fuels for reforming (i.e., light hydrocarbons) are not available or in special 

economic-favourable conditions (i.e., low-priced feedstocks or the need for gas with 

high CO content [61]). 
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Within the thermochemical category, it has to be also mentioned the technology 

of thermolysis of water via thermochemical cycles. Through this method, hydrogen is 

produced via thermal dissociation of water in a sequence of reactions comprising 

different chemical reactants that are recovered at the end of the cycle. In these cycles, 

the heat requirement is typically satisfied by nuclear or solar reactors [7]. 

Another hydrogen production process based on thermal energy is the so-called 

Kværner process. This process makes use of a plasma torch to decompose the molecule 

of methane into high-purity solid carbon and hydrogen gas. The process was developed 

in the 1990s by the Norwegian company Kværner and in 1997 started the construction 

of a first industrial installation in Canada. Unlike steam reforming, this process 

theoretically does not produce direct CO2 emissions. However, due to technical issues, 

the development of this technology was stopped in 2003 [62]. 

Currently, the conventional technology for the production of hydrogen is the 

steam reforming of methane (SMR) [11] (further detailed in Section 1.2.2). 

Electrochemical hydrogen production pathways mainly refer to water 

electrolysis (Table 3). Through this technology, the molecule of H2O is dissociated into 

ions under the effect of a direct current supplied to the electrodes [63]. The 

classification of electrolysers is typically based on the type of electrolyte used in the 

electrolytic cell. In alkaline electrolysis, an alkaline solution (commonly based on water 

and 25 – 30 % of KOH) is used. In PEM electrolysis the electrolyte is a polymeric 

membrane (perfluoro-sulphonic acid) which has the function of distributing the ions 

between the anodic and cathodic compartment. Another parameter commonly applied to 

classify electrolysers is the cell temperature. In this regard, while alkaline and PEM 

electrolysers generally refer to low-temperature electrolysis (below 80°C), solid oxide 

electrolysers (SOEs) are classified as high-temperature (up to 1000 °C) [63]. In SOEs, 

the electrolyte is a dense oxygen ion-conducting ceramic membrane based on yttria-

stabilised zirconia and the charge carrier is the ion O2- [64]. Intermediate temperature 

electrolysis (130  140 °C) is possible in PEM electrolysis when the membrane is doped 

with phosphoric acid [65].  

Alkaline water electrolysis represents the first commercial pure-hydrogen 

production technology dating from the 1920s. However, after the 1960s, a slow shift 

towards hydrogen production via fossil-based reforming started, finally becoming the 
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conventional option. In the same decade, PEM electrolysis was introduced but its 

commercialisation started only in the 2000s, while SOE technology is currently in the 

transition stage from a laboratory- to a demonstration-scale [11]. In this sense, alkaline 

electrolysis is considered a mature technology with respect to PEM and SOE [63]. 

An alternative technology reducing the electricity requirement for electrolysis is 

photoelectrolysis. This technology (assimilated within the photoelectrochemical 

category in Table 3) involves the application of photocatalysts at the anode or the 

cathode, and the electric charges required for the water-splitting reaction are partially 

provided by photons-hole pairs and completed with an external input of electricity [7].  

Biological hydrogen production technologies refer mainly to fermentation of 

microalgae or other biomass feedstocks [4]. The process of fermentation is led by 

different bacteria under certain conditions of light exposure, pH, temperature, and 

nutrient and oxygen concentration [66]. Biomass fermentation in dark conditions (dark 

fermentation) involves anaerobic bacteria that produce hydrogen and organic acids from 

glucose. Alternatively, in photo-fermentation, photosynthetic bacteria are used to 

convert organic acids into hydrogen and CO2 under the catalytic action of nitrogenase in 

anaerobic conditions, neutral pH and mesophilic temperature range. Higher hydrogen 

yields can be reached by coupling dark- and photo-fermentation (two-stage fermentation 

concept). However, the technology readiness level for biological hydrogen production 

methods is significantly lower than that of thermochemical and electrochemical 

pathways, thus their technological maturity is expected in the long term [67]. 

Photochemical processes for hydrogen production refer to water photolysis. In 

this process, the energy required to split water into hydrogen and oxygen is provided by 

photons of the visible spectra. The process requires photocatalysts which are active in 

the wavelength up to about 500 nm (for instance cadmium sulphide) for the 

accumulation of photons on a photosensitive material [68]. This promotes the separation 

of the photo-generated electron-hole pairs leading the reactions of H2O reduction into 

H2 and H2O oxidation into O2 [59]. From an environmental standpoint, this process 

could be a promising alternative to SMR, however, it is not cost-competitive due to low 

efficiency and maturity [60]. 

Within this doctoral thesis, according to the technological state-of-the-art, 

special attention is paid to the hydrogen production pathways of steam reforming 
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(Section 1.2.2), gasification (Section 1.2.3), and alkaline water electrolysis (Section 

1.2.4). 

1.2.2. Hydrogen production via steam reforming 

Steam reforming is an endothermic process in which light hydrocarbons are 

converted into a hydrogen-rich synthetic gas (syngas) through the oxidation of their 

carbon content. In steam reforming (endothermic process), the oxidation of the carbon 

contained in the feedstock is performed by using water in the form of steam. Suitable 

hydrocarbons for this process can be methane, liquefied petroleum gases (LPG) or 

gasoline with boiling points between 200 and 220 ° C. Natural gas is the ideal feedstock 

and can be treated with conventional catalysts typically based on nickel. A conceptual 

block diagram for steam methane reforming is shown in Figure 8. 

 
Figure 8. Conceptual diagram of steam methane reforming 

The reforming reaction takes place at temperature between 750 and 900 °C, and 

it can be generally described by the following reaction [69]: 

𝐶𝑛𝐻2𝑛+2 + 𝑛𝐻2𝑂  𝑛𝐶𝑂 + (2𝑛 + 1)𝐻2                                                        (1) 

Being the number of moles of the products higher than that of the reactants, the 

process is favoured at low pressure. However, to the benefit of more compact reformers, 

the typical operating pressure ranges from 20 to 30 bar. In order to favour the full 

conversion of hydrocarbons, a stoichiometric excess of steam (from 3 to 5) is usually 

employed [70]. The excess of steam is used in the subsequent step of water gas shift 

(Equation 2) favoured by the lower temperature. 
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𝐶𝑂 + 𝐻2𝑂  𝐶𝑂2 + 𝐻2                                                                                    (2) 

That combined with Equation (1) leads to the global equation: 

𝐶𝑛𝐻2𝑛+2 + 2𝑛𝐻2𝑂  𝑛𝐶𝑂 + (3𝑛 + 1)𝐻2                                                      (3) 

In the case of reforming of CH4, the sum of Equation (1) and Equation (2) leads to the 

following reaction: 

𝐶𝐻4 + 2𝐻2𝑂  𝐶𝑂2 + 4𝐻2                                                                              (4) 

whose stoichiometry emphasises a significant increase of hydrogen production which is 

theoretically half generated from methane and half from water. It should be highlighted 

that natural gas, though mostly composed by methane, generally involves other 

hydrocarbons (ethane, propane and butane mainly) and non-hydrocarbon impurities 

(primarily carbon dioxide, hydrogen sulphide and nitrogen) [71]. In this regard, special 

attention has to be paid to the removal of sulphur compounds. Sulphur has a poisoning 

effect on the Ni-based catalyst of the reforming process. With the aim of eliminating 

sulphur from the inlet hydrocarbon, a pre-treatment including sulphur removal is 

typically involved in the layout of steam reforming of natural gas. Furthermore, heavy 

hydrocarbons potentially present in the natural gas could lead to solid carbon formation 

during the conversion process, accelerating catalyst deactivation. In order to extend the 

catalyst lifespan, a stage of pre-reforming at a lower temperature than reforming 

(around 500 °C) is commonly involved. After these pre-treatments, the only 

hydrocarbon at the outlet of the pre-reforming is methane, for this reason, the steam 

reforming of natural gas typically refers to steam methane reforming (SMR).  

After the water gas shift reaction, it is necessary to remove the remaining 

components until hydrogen achieves the desired hydrogen purity (the syngas 

composition accounts for an H2 content around 75 % vol., with a significant amount of 

CO2 and CH4 as well as a lower amount of CO [72]). In applications in fuel cells 

operating at low temperature (below 100 °C), it is required a hydrogen purity higher 

than 99.99 % vol. [58] to avoid platinum catalyst poisoning (especially by CO). To that 

end, pressure swing adsorption (PSA) represents the most applied technique [4]. The 

off-gas from the PSA unit (mainly composed of H2, CO2, CH4 and other light 

hydrocarbons) can be recovered for energy purposes, such as electricity generation or to 

partially satisfy the heat requirement of reforming [70,72]. 
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1.2.3. Hydrogen production via gasification 

The process of gasification is mainly used in the chemical industry to produce 

liquid and gas fuels [73] and in electricity generation [74]. The energy source required 

for the conversion is provided by the feedstock (a fossil hydrocarbon or biomass) which 

also acts as a hydrogen carrier. However, most of the hydrogen produced in gasification 

is carried by the gasifying agent (water in the form of steam along with O2). Globally, 

the process of gasification is an endothermic process that can be synthesised in four 

main steps [72]. In the first step, the dehumidification of the feedstock takes place at 

low temperature. The second step is the pyrolysis of the feedstock, which is a non-

oxidative endothermic process consisting in the thermochemical decomposition of the 

feedstock. In this stage, the feedstock undergoes a series of reactions that gradually and 

progressively lead to lighter hydrocarbons. The pyrolysis takes places at a temperature 

higher than 400 °C and produces a gaseous, a liquid phase, and a solid residue. The gas-

phase includes hydrogen, light hydrocarbons, carbon dioxide, and carbon monoxide, 

while the solid phase and the liquid phase (namely, char and tar/oil, respectively) are 

composed of carbon-rich molecules. The third stage is the reaction of gasification, in 

which steam and CO2 react with carbon and hydrocarbons at temperature higher than 

700 °C to produce a gas mixture rich in hydrogen and carbon monoxide (syngas). Being 

the gasification an endothermic process, in this stage the temperature decreases, and, if 

steam in excess is provided, the water gas shift reaction (Equation 2) is promoted, 

increasing the hydrogen content in the syngas. The fourth stage is combustion; in this 

stage the oxygen oxidises part of the carbon and hydrogen present in the flow, 

generating the heat required to sustain the endothermic reactions involved. 

The composition of the syngas depends on several factors, such as the 

composition of the feedstock, the gasification technology and the gasifying agent used. 

Due to its low cost, air represents the most used gasifying agent. However, the nitrogen 

present in the air dilutes the syngas decreasing its heating value. In contrast, the use of 

oxygen and/or steam as the gasifying agent increases the heating value of the syngas 

[75]. Gasification can be carried out in a wide variety of reactors. According to the way 

in which the fuel and the oxidant flow through the gasifier, they can be classified into (i) 

updraft fixed bed, (ii) downdraft fixed bed, (iii) cross-flow fluidised bed, (iv) circulating 

fluidised bed, and (v) bubbling fluidised bed [76,77]. Furthermore, depending on how 

the heat needed is supplied, the gasification can be classified as direct or indirect. In 



1. Introduction 

43 

 

direct gasification, the heat to carry out the gasification is entirely fulfilled by partial 

oxidation. In contrast, in indirect gasification, the heat required is provided (partially or 

totally) by an external input [64]. Indirect gasification can be carried out according to 

two types of reactors: char indirect gasifier and gas indirect gasifier. Given the 

relevance in this thesis (Section 2.2.4.1), char indirect biomass gasifier (Figure 9) is 

further detailed.  

 

Figure 9. Char indirect gasifier 

The indirect char gasifier has higher conversion and gas efficiency than the 

indirect gas gasifier [64]. It consists of two separate reactors: a circulating fluidised bed 

gasifier and a fluidised bed combustion chamber. The gasifier converts the feedstock 

into syngas at an operating temperature between 700 and 900 °C [78]. The bed material 

and the char and coke produced are separated from the gas phase in a cyclone and 

subsequently sent to the combustor. In the combustor, char combustion takes place and 

the bed material is heated. The hot bed material is separated from the flue gas in a 

second cyclone and then recirculated to the gasifier providing the energy required for 

the gasification process. 

1.2.4. Hydrogen production via alkaline water electrolysis 

Figure 10 shows the operating principle of an alkaline electrolytic cell including 

not only the units of the cell but also the main auxiliary components. At the base of the 

physic principles of alkaline water electrolysis, there is an electric field established by 

an external power source that decomposes water molecules, while a diaphragm allows 
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passing hydroxide ions from the cathode to the anode. Hydrogen is formed at the 

cathode, and oxygen at the anode through the recombination of hydroxide anions. The 

principle can be summarised by the following reactions that take place simultaneously 

in an alkaline electrolytic cell at the cathodic compartment (Equation 5) and at the 

anodic compartment (Equation 6): 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:    2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−                                       (5) 

𝐴𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:        2𝑂𝐻− →
1

2
𝑂2 + 𝐻2𝑂 + 2𝑒−                                       (6) 

𝐺𝑙𝑜𝑏𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:         𝐻2𝑂 →
1

2
𝑂2 + 𝐻2                                                       (7) 

 

Figure 10. Operation of an alkaline water electrolysis cell 

In alkaline water electrolysis systems, it is necessary to preserve both the 

electrolyte stream and water in liquid form. If no physical losses are assumed for KOH, 

the electrolyte is not consumed, as it is recycled back to the cell from the gas stream in 

order to maintain its concentration. However, water must be continually supplied in 

order to maintain the desired electrolyte concentration in the cell. The oxygen and 

hydrogen gases leaving the cell are separated from impurities (mainly the aqueous 

electrolyte) for their storage. Electrolysis is acknowledged as a flexible technology for 
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supporting and promoting a low-carbon energy system when fostering the integration of 

intermittent renewable sources in the energy landscape. However, the main 

technological challenges to improve alkaline electrolysis are represented by the energy 

efficiency and durability of components whose increase would allow a significant 

reduction in system cost [60,63]. 

In terms of power, the range that commercial alkaline electrolyser systems are 

able to cover varies from kilowatt to multi-megawatt [79]. This wide range of size 

options makes alkaline electrolysis systems suitable for both small- and large-scale 

applications, with hydrogen production rates for commercial systems ranging from 

below 1 Nm3/h up to 800 Nm3/h. The purity of the hydrogen obtained can be higher 

than 99.99 % without auxiliary purification equipment, and the specific electricity 

consumption ranges from 4.5 to 7 kWh/Nm³ H2. In this regard, significant research 

efforts are focused on improving efficiency in order to reduce the operating costs 

associated with electricity consumption [63,80]. The lifetime of alkaline electrolysis 

systems is estimated 30 years although inspections are required every 7 to 15 years for 

the replacement of stacks or for reactivating the electrodes and the diaphragms [63,81]. 

Overall, on the one hand, the wide range of hydrogen production pathways 

broadly discussed in this section represents a key strength that makes hydrogen a 

strategic energy carrier being obtainable under different situations of resource 

availability to boost the integration of clean and renewable sources into the energy 

sector. On the other hand, since the overall performance can be highly affected by 

upstream stages (e.g., feedstock production, energy production, infrastructure, etc.) the 

full suitability in terms of economic feasibility, pressure on the environment, and social 

implications has to be checked following a life-cycle perspective. In this context, a 

methodological approach for a sound sustainability assessment of hydrogen energy 

systems is required. 

1.3. Assessment of hydrogen energy systems with a life-cycle 

perspective 

Current sustainability challenges [23] require, among other needs, the definition 

of systemic approaches to address the increasing complexity of systems [12]. In this 

regard, the life-cycle perspective allows getting a whole picture of the problem 

facilitating the identification of opportunities to improve the performance of production 
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systems at key points in their life cycle. In the specific case of hydrogen energy 

systems, when focusing on the environmental dimension, Life Cycle Assessment (LCA) 

[13,14] arises as a well-established methodology to quantify potential impacts along the 

life-cycle stages of the systems (further details about LCA are provided in Section 

2.2.1). However, it is important to remark that, comparing the results of different LCA 

studies is only possible when the assumptions and context of each study are equivalent 

[13]. Within the plethora of LCA studies of hydrogen, substantial differences in 

methodological assumptions are found between studies [4,63], and this fact raises 

significant concerns about the actual comparability of results [13,44]. 

When evaluating the economic performance, the use of Life Cycle Costing 

(LCC) [15] is commonly involved to calculate different economic life-cycle indicators 

of a system (further methodological details about LCC methodology are provided in 

Section 2.2.2). For the evaluation of the social dimension, Social Life Cycle Assessment 

(SLCA) is considered a key methodology to implement social implications into 

decision-making processes [16,18], though less mature than LCA and LCC (the SLCA 

methodology is further detailed in Section 2.2.3). 

As previously highlighted, when pursuing the assessment of the sustainability of 

product systems (not necessarily limited to hydrogen energy systems), it is required to 

extend the analysis by involving other aspects than environmental ones to drive 

decision-making. In this regard, the standardised eco-efficiency assessment 

methodology [31] arises as a valuable tool to check the appropriateness of the balance 

between the economic performance of production systems and their pressure on the 

environment. Moreover, attempts to provide a general methodological framework for 

sustainability assessment have been based on widening the frame of discussion from the 

concept of environmental LCA to the Life Cycle Sustainability Assessment (LCSA) 

approach [82]. LCSA arises as a suitable methodology when it comes to 

comprehensively evaluating and jointly interpreting economic, environmental and social 

aspects of production systems from a life-cycle perspective. However, there is not a 

simple or general solution to the complex problem of assessing sustainability as a three-

dimensional concept. In effect, the singularities of a given system usually require tailor-

made methodological frameworks and assumptions. Hence, concentrating efforts on the 

development of methodological solutions for LCSA on lower scales (e.g., at the level of 

a specific type of product, good or service) could be preferable.  



1. Introduction 

47 

 

As Figure 11 shows, when focusing on the life-cycle performance of hydrogen 

energy systems, the situation regarding the number of LCA, LCC and SLCA studies is 

significantly unbalanced according to the scientific literature 

 

Figure 11. Literature overview of life-cycle studies of hydrogen energy systems 

A relatively high number of studies address the environmental dimension 

through LCA, with global warming (GWP), acidification (AP) and cumulative energy 

demand (CED) as the most common life-cycle environmental indicators [4].  

A considerably lower number of studies assess the economic dimension from a 

life-cycle perspective, with capital expenses (CAPEX), operating expenses (OPEX), 

levelised cost of hydrogen (LCoH) and climate change-related external costs as 

relatively common indicators. It should be noted that less than a half of these LCC 

studies address renewable hydrogen production systems, and only a few of them 

provide a joint interpretation of environmental and economic life-cycle indicators 

[4,83–86]. 
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Regarding SLCA, being a relatively novel area, its application to hydrogen 

energy systems is still very scarce. Hence, the identification of the most common social 

life-cycle indicators could be misleading. The few studies assessing the social 

dimension with an actual life-cycle perspective are performed by the same research 

group [39,42,43]. The studies address hydrogen produced through alkaline water 

electrolysis powered by different national electricity production mixes. However, apart 

from the Publication 8* related to this thesis, a contextualisation of alternative hydrogen 

production systems with conventional hydrogen from SMR is to date not available in 

the literature.  

Regarding LCSA, beyond [39], only the study presented in the Publication 8* 

within this thesis provides a complete sustainability picture by jointly interpreting 

environmental (harmonised), economic and social life-cycle indicators. The study 

presented in [39] addresses exclusively hydrogen production via alkaline water 

electrolysis, therefore, as observed for SLCA, there are no studies providing a life-cycle 

sustainability benchmarking of alternative hydrogen options against conventional 

hydrogen. In other studies on the sustainability assessment of hydrogen energy systems, 

the focus is not on the life-cycle performance but on other aspects such as plant inherent 

hazards [87] and multi-criteria decision analysis [88,89], applying the life-cycle concept 

mainly to the environmental component of the analysis. 

Overall, according to the state-of-the-art in hydrogen energy systems analysis, 

due to the absence of a robust and tailor-made LCSA framework, a lack of case studies 

addressing sustainability with an actual life-cycle perspective is acknowledged. The 

reasons behind this lack refer mainly to difficulties in developing a general framework 

due to the cross-cutting nature of sustainability and, therefore, to the difficulties in 

addressing its complex structure. In this situation, the possibility of addressing LCSA at 

a sector-specific level could help to avoid this hurdle. In this regard, the IEA Hydrogen 

Task 36 [90] on LCSA hydrogen energy systems is an example of the general interest in 

the development of this type of methodological solutions. Within this context, 

significant advances are necessary towards the definition of a robust and comprehensive 

methodological framework for the sustainability assessment of hydrogen energy 

systems. 

                                                 
* Publication 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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2.1. Objectives 

The need for a tailor-made methodological framework to assess the 

sustainability performance of hydrogen energy systems from a life-cycle perspective has 

been highlighted in the first chapter. The objective of this thesis is to facilitate the 

assessment of hydrogen energy systems under sustainability criteria by developing a 

robust methodological framework with a life-cycle perspective. Moreover, given the 

significant lack of consistency in methodological assumptions when performing 

environmental life cycle assessment of hydrogen (raising misinterpretation concerns 

especially in comparative studies), the goal of this thesis involves the following 

additional objectives: 

 To enhance the comparability between different case studies by developing and 

applying protocols that improve the methodological consistency in 

environmental life cycle assessment of hydrogen energy systems. 

 To integrate the evaluation of economic and environmental life-cycle indicators 

of hydrogen production systems through the standardised eco-efficiency 

concept. 

 To define a procedure for the calculation of social life-cycle indicators of 

hydrogen production systems and their joint interpretation with environmental 

and economic indicators as a life cycle sustainability assessment. 

Attaining these objectives would contribute to achieving the final goal of 

supporting decision-making processes in the field of hydrogen energy systems. In this 

sense, this thesis is framed under the general umbrella of sustainable development and 

climate change mitigation through the decarbonisation of the energy. 
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2.2. Methodology 

The achievement of the objectives defined in Section 2.1. requires step-by-step 

analyses in each of three dimensions of sustainability. In this regard, the main steps of 

the methodological procedure followed in this thesis are summarised in Figure 12. 

Given the findings of the literature overview in the field of sustainability assessment of 

hydrogen energy systems presented in Section 1.3, two main blocks of steps can be 

distinguished in this methodological procedure. The first main block refers to the 

identification of trends in the LCA studies of hydrogen energy systems and their 

harmonisation. The second main block refers to widening the scope of the analysis to a 

sustainability perspective, including methodological advances in economic, eco-

efficiency, social, and sustainability assessment of hydrogen energy systems. 

 

Figure 12. Methodological steps followed in this thesis for the LCSA of hydrogen energy systems 
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When focusing on the environmental dimension, given the high number of LCA 

studies found in the literature, a further study of the literature is required with the aim of 

identifying methodological trends. In this thesis, an extended literature review focused 

on LCA studies of hydrogen energy systems is performed. The results of the review and 

a contextualisation of trends for key methodological and technological aspects in LCA 

studies of hydrogen are detailed in Section 2.3.1.1, related to Publication 1*. 

2.2.1. The life cycle assessment methodology 

Life cycle assessment (LCA) is a standardised methodology to evaluate the 

environmental aspects and impacts of product systems. LCA considers the entire life 

cycle of a product, from the extraction and acquisition of raw materials to the 

production of goods or services, including the end-of-life treatment and final disposal 

(cradle-to-grave approach). This systemic approach allows identifying potential 

environmental loads both of individual processes and between life-cycle stages. 

Economic and social implications and impacts are out of the scope of an LCA. To 

involve these aspects in an analysis or a decision-making process, other tools may be 

combined with LCA. As defined in the standards [13,14], the LCA methodology 

involves four main interrelated stages (Figure 13). 

 

Figure 13. Stages of the standardised LCA framework 

                                                 
* Publication 1: Valente A, Iribarren D, Dufour J. Life cycle assessment of hydrogen energy systems: a 

review of methodological choices, The International Journal of Life Cycle Assessment, 2017, 22, 346-

363 
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2.2.1.1. Stage 1: goal and scope definition 

In the first phase –goal and scope definition– key aspects such as the objectives 

of the study, its restrictions and assumptions, the functional unit (FU), the 

environmental impact categories, and system boundaries are addressed. 

The FU quantifies the function of the product system and provides a reference 

unit. The choice of the FU can strongly affect the conclusions of the study (especially in 

comparative studies) and must be defined in accordance with the goal and scope of the 

study. The system boundary is defined as the set of criteria specifying which unit 

processes are part of a product system. According to the General Guide for Life Cycle 

Assessment [91], the modelling approach (attributional or consequential) has to be 

specified in this step. In this respect, the International Reference Life Cycle Data system 

[91] defines the attributional approach as a life cycle inventory (LCI) modelling frame 

that inventories the input and output flows of all processes of a system as they occur. In 

contrast, consequential approach is defined as an LCI modelling principle that identifies 

and models all processes in the background system (i.e., the part of the system beyond 

the influence of the central decision-maker) in consequence of decisions made in the 

foreground system (i.e., the part of the systems under the influence of the central 

decision-maker). 

2.2.1.2. Stage 2: life cycle inventory analysis 

Life cycle inventory (LCI) analysis is the second stage of the LCA methodology. 

In this stage, input and output flows of materials and energy referred to the FU are 

quantified for the system under study (Figure 14). Furthermore, for those systems 

performing more than one function (e.g., multi-product systems), the approach followed 

to address multifunctionality has to be detailed. In particular, the approaches possible to 

address multifunctionality can be subdivision, system expansion, or allocation. System 

subdivision consists in dividing the unit process into two or more sub-processes and 

collecting the input and output data related to these sub-processes. System expansion 

considers the additional functions as substitutes for the conventional ones, whose 

environmental burdens are avoided. The use of allocation approaches involves the 

distribution of inventory data between functions according to physical or other 

relationships (e.g., mass, energy or economic allocation). In this regard, LCA standards 

prioritise process subdivision and system expansion over the use of allocation 

approaches. 
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Figure 14. Input/output flows of a generic product system 

2.2.1.3. Stage 3: life cycle impact assessment 

Three mandatory phases are involved in the third step (life cycle impact 

assessment, LCIA): (i) selection of indicators and characterisation models; (ii) 

classification to associate inventory data with impact categories; and (iii) 

characterisation to provide the values of the category indicators. The selection of impact 

categories shall cover relevant environmental issues related to the product system 

analysed under the goal and the scope of the study. The exclusion of relevant impact 

indicators shall also be clearly justified. Regarding the LCIA methods, impact 

assessment methods at the endpoint level and methods at the midpoint level are 

distinguished. Impact categories at the midpoint level are calculated at the place where a 

common impacting mechanism occurs. For example, global warming, which begins 

with the release of greenhouse gases, ends with potential impacts on different areas such 

as humans and ecosystems (endpoint level). However, from the emission of the 

greenhouse gases to the endpoint effects, there is an intermediate stage in which the 

greenhouse gases emissions have an effect on the radiative forcing, this represents the 

indicator at the midpoint level for the impact category of global warming [92]. While 

endpoint impact categories are commonly associated with three main “areas of 

protection” (human health, natural environment, natural resources), at the midpoint 
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level a higher number of impact categories are differentiated. It should be highlighted 

that results at the midpoint level are considered to be more accurate than that at the 

endpoint level [91]. 

Optionally, normalisation and weighting can be applied for an evaluation of the 

results from a different perspective. Regarding normalisation, it quantifies the 

magnitude of category indicator results with respect to a reference value to provide a 

measure of the relative magnitude of a result. Weighting refers to the possibly 

aggregating indicators across impact categories using numerical factors based on value-

choices and it may include the aggregation of the weighted results. In this respect, when 

weighting is included, supporting data and information to justify the weighting factors 

shall also be provided. 

2.2.1.4. Stage 4: interpretation 

Eventually, the fourth stage of LCA –interpretation of the results–, focuses on 

summarising and discussing the results in accordance with the goal and scope of the 

study. During the iterative procedure, the step of interpretation is aimed to guide 

potential improvements of the LCI modelling. Once the final LCI and the corresponding 

results are achieved, the interpretation has the main objective of deriving robust 

conclusions and recommendations. Issues found to be relevant to the results (e.g., 

technical parameters, processes, materials, units, etc.) have to be identified and 

evaluated. Through these evaluations, conclusions and additional considerations should 

be finally formulated according to the goal and the scope of the results. Overall, in LCA 

studies, the stages of goal and scope definition and interpretation frame the LCA, while 

the phases of LCI and LCIA produce the core information on the product system under 

analysis. 

2.2.1.5. Needs for methodological harmonisation in LCA studies of hydrogen 

Even though LCA is a standardised methodology, practitioners are relatively 

free to make their own choices on different methodological aspects such as functional 

unit, system boundaries, multifunctionality approach, life-cycle impact assessment 

method, etc. On the one hand, this flexibility represents a strength of the methodology 

by facilitating its adaptation to different situations of e.g. data availability. On the other 

hand, it gives rise to misinterpretation risk due to concerns about the actual 

comparability of case studies even when evaluating the same product. In this regard, 
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when the goal of the analysis is a comparison of different options, the methodological 

choices made to evaluate the impacts of the systems under study need to be 

homogeneous. According to the standard, comparing the results of different LCA 

studies is only possible when the assumptions and context of each study are equivalent 

[13]. In this situation, in order to mitigate misinterpretation, the harmonisation of 

methodological choices is essential. 

As a first step towards the definition of a consistent framework for both 

individual and comparative life cycle assessment, the main methodological trends in 

LCA studies of hydrogen energy systems have to be identified. In this regard, the 

review of LCA studies of hydrogen energy systems performed within this thesis 

includes works available until December 2015. Only published articles (Scopus search; 

keywords “hydrogen” AND “life cycle assessment”) and key reference reports released 

by well-known research laboratories were taken into account. All these works include at 

least the hydrogen production stage within the system’s boundaries. Studies with a 

cradle-to-grave scope as well as studies with a more limited scope are therefore 

included. For the sample of LCA studies, each variation in technological aspects (e.g., 

feedstock, energy carrier, and hydrogen storage technology) or methodological 

decisions (e.g., functional unit, system boundaries, reference region, and allocation 

approach) defines a new (original) case study for the purpose of the review. The overall 

sample involves 509 original case studies of hydrogen energy systems found in 97 

articles. 

Methodological trends are identified in the LCA stages of scope definition, LCI 

analysis, and LCIA. The case studies reviewed were subdivided in terms of system 

boundaries, FU, allocation approach, data sources, impact categories, and impact 

assessment method. Moreover, based on the hydrogen production process, these case 

studies were classified into three technological categories: thermochemical, 

electrochemical, and biological. A subdivision of the studies based on the scope was 

also applied, thus distinguishing case studies addressing hydrogen production only, 

hydrogen production and use in mobility, and hydrogen production and use for power 

generation.  

Overall, the review identified substantial methodological differences in LCA 

works on hydrogen energy systems, remarking the needs for a robust procedure towards 

more consistent comparisons between the case studies. In general, when contextualising 
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different systems, a harmonisation procedure can be addressed to make key features 

homogenous; for example, in terms of technical, methodological and/or regulatory 

aspects. The harmonisation procedure undertaken in this thesis considers the LCA 

methodological aspects of: 

 LCI modelling approach 

 Life-cycle impact assessment method 

 System boundaries 

 Functional unit 

 Approach to deal with multifunctionality 

These aspects belong to the first three steps of the standardised LCA methodological 

framework (Figure 13). In comparative LCA studies, to improve the robustness of the 

last step of interpretation (Section 2.2.1.4), these aspects are required to be consistently 

addressed. In this respect, the technical guidance documentation on how to conduct 

LCA for hydrogen energy systems is provided within the FC-HyGuide project of the 

Fuel Cells and Hydrogen Joint Undertaking [44]. In line with these specific 

recommendations [44], the technological aspect of the final conditions of hydrogen (in 

terms of pressure, temperature and purity) shall be consistent. In this respect, the 

consistency of this aspect was also addressed within the harmonisation initiative 

undertaken. 

Among the objectives of this doctoral thesis, the advances in the environmental 

dimension, towards a robust framework for the life cycle sustainability assessment, 

focus on the development of methodological harmonisation protocols (detailed in 

Section 2.3.1.2) and their subsequent application to build libraries of harmonised 

impacts of hydrogen energy systems (detailed in Section 2.3.1.3). These advances are 

detailed in publications 2*, 3†, 4‡, and 5* of this doctoral thesis. 

                                                 
* Publication 2: Valente A, Iribarren D, Dufour J. Harmonised life-cycle global warming impact of 

renewable hydrogen, Journal of Cleaner Production, 2017, 149, 762-772 

† Publication 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 

‡ Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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2.2.2. The life cycle costing methodology 

As regards the economic performance, Life Cycle Costing (LCC), which 

involves cash flow analyses of product systems over their useful life, is an appropriate 

methodology to provide economic indicators from a life-cycle perspective. Three main 

types of LCC assessment methods can be distinguished: (i) conventional LCC, (ii) 

environmental LCC, and (iii) social LCC [15]. 

2.2.2.1. Conventional life cycle costing 

Conventional LCC generally encompasses investment costs and/or operating 

and maintenance costs as well as the economic benefits over the useful life of a project. 

It refers to the assessment of internal costs, typically excluding end-of-life management 

costs and without internalising externalities. Generally, conventional LCC studies are 

not flanked by a complementary LCA. Overall, LCC allows the quantification of a 

significant number of economic and financial indicators (Table 4) of product systems.  

Table 4. Definitions and expressions for typical economic life-cycle indicators 

Indicator Definition Expression a 

Net present value The difference between the present 

value of the discounted net cash 

inflows and outflows over the 

useful life of a project. 

𝑁𝑃𝑉 = ∑
𝑁𝑒𝑡 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡

(1 + 𝑟)𝑡

𝑛

𝑡=0

 

Levelised cost The break-even cost of a product X 

(i.e., the selling price of X making 

NPV equal to zero). 

𝐿𝐶𝑜𝑋 =
𝐿𝑖𝑓𝑒 𝑐𝑦𝑐𝑙𝑒 𝑐𝑜𝑠𝑡𝑠

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑋 𝑜𝑣𝑒𝑟 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛
 

Payback period The amount of time required to 

recover the cost of an investment. 
𝑃𝐵𝑃| ∑

𝑁𝑒𝑡 𝑐𝑎𝑠ℎ 𝑓𝑙𝑜𝑤𝑡

(1 + 𝑟)𝑡
= 0

𝑃𝐵𝑃

𝑡=0

 

Internal rate of return The discount rate that makes NPV 

equal to zero. 
𝐼𝑅𝑅| ∑

𝑁𝑒𝑡 𝑐𝑎𝑠ℎ 𝐹𝑙𝑜𝑤𝑡

(1 + 𝐼𝑅𝑅)𝑡
= 0

𝑛

𝑡=0

 

Return on investment The amount of return on a 

particular investment, relative to 

the total investment cost. 

𝑅𝑂𝐼 =
𝐺𝑟𝑜𝑠𝑠 𝑝𝑟𝑜𝑓𝑖𝑡 − 𝑡𝑎𝑥𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡
 

a r: discount rate, t: index for the period; NPV: net present value, LCoX: levelised cost of a product “X”; PBP: 

payback period; IRR: internal rate of return; ROI: return on investment. 

                                                                                                                                               
* Publication 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, in Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapore, ISBN 978-981-13-2456-7 
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2.2.2.2. Complementary economic approaches 

The economic indicators presented in Table 4 allow integrating monetised social 

and environmental effects into the cash flow analysis as a significant methodological 

enrichment. In this sense, such internalisation can potentially influence a decision to 

take for an entire economic sector and, subsequently, its evolution [20]. In order to 

enrich the economic analysis, environmental LCC and social LCC can also be 

performed. The core difference between these alternative approaches lies in the type of 

externalities internalised into the economic evaluation. The definition of the term 

“externality” refers to economic costs incurred (or benefits received) by a third party, 

over which the third party has no control. In this sense, externalities are costs that are 

not included in the prices of the goods or services, but they represent costs (or benefits) 

associated with effects outside the economic system (e.g., society and environment) 

[93]. By convention, negative externalities refer to external costs, while positive 

externalities refer to external benefits. An example of negative externalities is the 

increase in public health expense associated with the health damage on the residents in a 

region polluted by an industrial activity. In contrast, an example of positive externalities 

are the economic benefits associated with the construction of a road which opens new 

opportunities for tourism growth or commercial development. 

Environmental LCC includes the internalisation in the economic balance of 

externalities related to environmental issues such as the external cost of damages 

associated with the increase in the global warming potential impact [15]. Unlike 

conventional LCC, environmental LCC is thus associated with an LCA using consistent 

methodological aspects such as systems boundaries and functional unit. It should be 

noted that particular attention has to be paid to the avoidance of double-counting issues 

between an environmental LCC and its complementary LCA. With the aim of 

monetising damage costs associated with emissions, the estimation approach presented 

in the ExternE project [19] is frequently applied in environmental LCC studies [17]. It 

allows applying monetising factors to a wide range of pollutant emissions to calculate 

damage costs associated with climate change and human health. 

Finally, social LCC aims to include all environmental and social external effects 

on the entire society in the short- or long-term. Social LCC should thus encompass a 

wide range of social and environmental externalities which are difficult to be monetised 

(e.g., external costs for social welfare, occurrence of fatalities, social well-being, job 
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quality, family life, etc.) [15]. By considering such aspects, in order to avoid double-

counting effects, social LCC should not be complemented by an LCA and/or social 

assessment. However, it should be clarified that the social LCC method is still in an 

underdeveloped stage of definition, thus more research efforts are needed to reach an 

accepted formulation. 

In the specific case of hydrogen, given the difficulties in defining a specific 

selling price due to uncertainties inherent in market evolution, it is preferable to 

characterise the economic dimension by and indicator associated with the cost instead of 

price. In light of this, among the most typical economic life-cycle indicators presented 

in Table 4, the levelised cost of hydrogen (LCoH) was identified as the most appropriate 

one. This indicator allows comparisons between technologies with dissimilar features in 

terms of size, capacity, lifespan, etc. while comprising various economic and financial 

contributions to the final cost (operating and maintenance costs, taxes, avoided costs, 

incomes, capital costs, etc.) [46]. It should be noted that, given the lack in the literature 

of a critical mass of case studies evaluating the LCoH, in this thesis, the methodological 

development for a specific harmonisation protocol was not pursued for the economic 

dimension. Therefore, within the objectives of the thesis, the advances in the economic 

dimension for the sustainability assessment of hydrogen energy systems, consist in the 

definition and the application of a methodological approach to calculate the LCoH. This 

approach is detailed in Section 2.3.2.1 and it refers to Publication 7*. 

2.2.3. The social life cycle assessment methodology 

With the main goal of implementing in the analysis social implications that are 

involved along the supply chain of hydrogen production, the Social Life Cycle 

Assessment (SLCA) currently is seen as the most established methodology. 

2.2.3.1. Origin and scope of the social life cycle assessment methodology  

SLCA is a methodology, whose guidelines were defined by UNEP/SETAC in 

2009 [18], to analyse the potential social of a product system though its life-cycle. The 

foundations of the SLCA guidelines are the human rights principles, in particular the 

Universal Declaration of Human Rights [21] and other instruments such as international 

                                                 
* Publication 7: Valente A, Iribarren D, Gálvez-Martos JL, Dufour J. Robust eco-efficiency assessment of 

hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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standards on social responsibility for businesses and organisations [22], the Human 

Rights Guidance Principles [94], and the UN Sustainable Development Goals [23] 

(defined in the 2030 Agenda for Sustainable Development adopted by all the UN 

member states). In this respect, because of the life-cycle perspective, SLCA arises as a 

holistic tool to implement human rights principle as a support for decision-making 

processes when evaluating alternatives under sustainability criteria. In particular, SLCA 

allows understanding the social conditions under which services and goods are 

produced and identifying potential social hotspots along the supply chain [95]. In this 

regard, in this thesis, according to the focus on the hydrogen product, an SLCA oriented 

to hydrogen as an energy product is targeted.  

In order to capture social topics from different perspectives, the SLCA 

guidelines [18] identified a wide range of social impact subcategories classified 

considering key stakeholders that can be associated with product systems (Table 5). 

Each subcategory is evaluated according to a specific set of social indicators. For 

example, for the stakeholder “workers”, the subcategory “child labour” can be 

quantified by the combination of the social indicators of “children in employment 

(male)”, “children in employment (female)”, and “children in employment (total)”. 

Further details about the SLCA methodology are provided in Section 2.3.3.1 and in the 

related Publication 8*. 

Table 5. Social impact subcategories classified by stakeholder category 

Stakeholder categories Social impact subcategories 

Workers Child labour, forced labour, working hours, discrimination, fair salary, health 

and safety, social benefits, worker rights. 

Local community Access to material resources, respect of indigenous rights, safe and healthy 

living conditions, local employment, migration, secure living conditions, 

community engagement, cultural heritage. 

Value chain actors Fair competition, respect of intellectual property rights, promoting social 

responsibility, supplier relationships. 

Society Public commitments to sustainability issues, contribution to economic 

development, prevention and mitigation of conflicts, technology development, 

corruption.  

Consumers Transparency, end of life responsibility, consumer privacy, feedback 

mechanisms. 

                                                 
* Publication 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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2.2.3.2. Methodological steps of the social life cycle assessment 

The definition of the SLCA stages [18] follows, mutatis mutandis, the 

standardised LCA framework [14] (Section 2.2.1). By analogy, the first stage of the 

SLCA methodology consists in defining the goal and scope of the analysis. It should be 

noted that, since the geopolitical and economic profile of the countries involved in the 

supply chain has a primary influence on the quantification of the social impacts 

associated with a product system, SLCA methods are largely country-dependent. In this 

sense, the geographical scope is a fundamental piece of information to define in this 

first stage of goal and scope definition. Furthermore, in this stage, key aspects such as 

the objectives of the study, its restrictions and assumptions, the FU, the social life-cycle 

indicators, and boundaries of the product system have to be specified. 

The second stage, social LCI analysis, consists in collecting the activity 

variables. While in environmental LCA the activity variables are denoted by levels of 

emissions and elementary flows (referred to the FU) crossing the system’s boundaries, 

in SLCA the activity term is represented by the number of working hours per FU 

required to produce the flows from the country-specific industries involved. To facilitate 

the definition of social LCIs, the research activity in the field of SLCA led to specific 

databases, such as the Social Hotspots Database [24] and the PSILCA database [25], 

that provide background data to SLCA practitioners. These databases are built on the 

basis of global statistics on labour [26] combined with global input-output models, such 

as GTAP [27] or Eora [28] which represent the economic connections and flow 

exchanges between the industries and sectors of different countries. 

In the stage of life cycle impact assessment, as in LCA, the quantification of the 

impacts is attained by multiplying the activity terms by the intensity terms and 

cumulated along the life-cycle stages considered. In environmental LCA, the intensity 

terms are represented by the characterisation factors that convert levels of emissions 

into levels of impacts. The environmental life-cycle indicators are generally expressed 

in an equivalent amount of a reference substance emitted per FU. In contrast, in SLCA, 

the intensity terms are denoted by the social risk quantified in “medium risk hours” 

(mrh) per working hour (for negative social impacts) or in “medium opportunity hours” 

(moh) per working hour (for positive social impact). The level of risk has to be assessed 

for each social indicator in each country and economic sector involved. Through this 

approach, the social impacts are quantified in a common unit, i.e. “mrh per FU” for 
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negative social impacts and in “moh per FU” for positive social impacts. In the Social 

Hotspots Database and PSILCA, the social risk of the indicators is assigned to each 

country-specific sector according to global statistics from international agencies and 

organisations such as the International Labour Organization [26], the World Bank [29] 

and the World Health Organization [30]. It is important to remark that the terms of both 

risk level and working hours generally depend on the specific country and the economic 

sector involved along the supply chain of the product, which is thus a key information 

to provide in the social LCI. 

In the last stage, interpretation, the results of the analysis are discussed and the 

relevant conclusions, such as the identification of potential social hotspots and critical 

supply-countries and sectors, are summarised in accordance with the goal and scope of 

the study. To this end, the characterised social life-cycle indicators may be aggregated 

(e.g., at the stakeholder or subcategory level) to facilitate a potential decision-making 

process according to the willingness of the actors involved. 

When focusing on hydrogen, currently electrolysis is the only technology 

analysed with an SLCA [39,42,43], apart from Publication 8* of this thesis which 

involves an SLCA of steam methane reforming and biomass gasification. Given the 

scarce number of SLCA case studies of hydrogen and the lack of a standardised SLCA 

methodology, the methodological development of a specific harmonisation protocol for 

SLCA cannot be pursued for the social dimension. In this sense, within the objectives of 

this thesis, the advances in the social dimension of the sustainability assessment of 

hydrogen energy systems focus on the definition and application of a methodological 

approach to the evaluation of social life-cycle indicators as detailed in Section 2.3.3.1 

and in the related Publication 8*. 

2.2.4. Bringing together sustainability dimensions 

Within the three-dimensional concept of sustainability (Section 1.3), the lack of 

a standardised approach to bring together the environmental, social, and economic 

pillars is identified [17]. In contrast, more defined and consolidated two-dimensional 

methods combining the economic and the environmental pillars of sustainability are 

                                                 
* Publication 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 

Energy, 2019, 44, 21193-21203 
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available under the standardised concept of eco-efficiency [31]. In this section, both the 

two- and three-dimensional methodological approaches to jointly assessing the 

dimensions of sustainability are discussed. 

2.2.4.1. Eco-efficiency assessment 

In order to involve both the economic and the environmental performance of a 

product system into decision-making processes, the standardised methodology of eco-

efficiency assessment [31] arises as a suitable tool. This methodology allows checking 

the suitability of a product system with respect to a benchmark or a target performance 

by jointly addressing environmental and economic issues from a life-cycle perspective. 

As mentioned in the objectives (Section 2.1), in this thesis the methodology of eco-

efficiency assessment was applied with the aim of widening the interpretation of the 

life-cycle performance of hydrogen energy systems by involving both environmental 

and economic life-cycle indicators. An overview of this methodology is presented in 

this section. 

The traditional concept of eco-efficiency refers to the delivery of competitively 

priced goods that fulfil human needs while progressively reducing environmental 

impacts of products and resource intensity throughout the entire life cycle to a level at 

least in line with the Earth's estimated carrying capacity [96]. This definition served as 

the basis for different studies aimed at the eco-efficiency assessment of energy systems 

[97,98]. Furthermore, the standardised concept of eco-efficiency also incorporates this 

traditional notion while stressing the life-cycle perspective required for economic and 

environmental evaluations, and defining the methodology for measuring the eco-

efficiency of product systems. According to the standardised definition, eco-efficiency 

is an aspect of sustainability which relates the environmental performance of a product 

system to its value for a stakeholder, and a life-cycle perspective is required for both 

environmental and economic assessment. Being the eco-efficiency assessment a useful 

tool for practitioners and managers willing to benchmark alternatives, methodological 

consistency is a key issue to take into consideration [32–34]. Figure 15 shows the main 

methodological steps of the standardised eco-efficiency assessment. 
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Figure 15. Phases of an eco-efficiency assessment 

Similarly to the standardised LCA methodology, when defining goal and scope 

in eco-efficiency assessment of product systems, it is essential that the practitioner 

clearly describes the product system under analysis as well as its function(s) and the 

functional unit, the system’s boundary (i.e., the unit processes that are part of a product 

system), the life-cycle environmental assessment method and the life-cycle indicators 

(that will characterise the environmental performance of the product system), allocation 

methods applied (if applicable) and the limitations of the study. In addition, when 

performing an eco-efficiency assessment, the definition of the value assessment method 

is required. In this respect, the product value indicator numerically quantifies the 

product system value for one (or more) of the stakeholders involved. It should be noted 

that, according to the standardised methodology of eco-efficiency assessment, the 

product system value indicator may be chosen to reflect, for example, its resource, 

production, use efficiency, or a combination of these. Hence, the value indicator can be 

expressed in different units such as a monetary value or a functional value according to 

goal and scope of the study.  

The stage of environmental assessment shall be based on the standardised LCA 

[13,14] (Section 2.2.1) while the product system value assessment has to be separately 

performed still following a life-cycle perspective. The eco-efficiency indicator resulting 
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from the combination of the environmental and system value indicators numerically 

quantifies the overall performance of the system. 

The quantification of the eco-efficiency shall be accomplished by relating the 

results from the environmental profile and the product system value assessment in 

accordance with the goal and scope of the study. In this respect, an improvement in the 

environmental indicator or in the product system value indicator shall produce an 

increase in the eco-efficiency indicator. In this stage, when comparing the performance 

of an alternative system with respect to a benchmark, the “Factor-X” represents a 

helpful indicator to report the eco-efficiency results. It is defined as the ratio of the eco-

efficiency indicator of “Product A” to that of “Product B” and represents the relative 

level of improvement or worsening of “Product A” with respect to the “product B” and 

it is expressed as a numeric dimensionless term. 

Finally, in the stage of interpretation of the results, the formulation of significant 

issues, conclusions, limitations, and recommendations as well as a discussion about the 

relationship between environmental and product system value results is undertaken.  

2.2.4.2. Life cycle sustainability assessment 

When a sustainability assessment involves the environmental, economic and 

social dimensions addressed with a life-cycle perspective, the corresponding 

methodology is called life cycle sustainability assessment (LCSA) [17,35,36]. 

For the definition of a general three-dimensional framework for the joint 

interpretation of the three pillars from a life-cycle perspective, the life cycle 

sustainability assessment methodology is conventionally expressed through the 

conceptual formula “LCSA = LCA + LCC + SLCA” [37]. However, the research 

activity in this field led to propose alternative concepts of LCSA [17,35]. Among the 

most cited ones, the concept of “LCSA = LCA new” and “LCSA = eco-efficiency + 

SLCA” are differentiated. The concept “LCSA = LCA new” starts with an 

environmental LCA and involves the quantification of additional economic and social 

life-cycle indicators on the basis of the same LCI. Alternatively, “LCSA = eco-

efficiency + SLCA” is built by complementing the standardised eco-efficiency [31] 

framework (Section 2.2.4.1) with SLCA to cover social impacts (Section 2.2.3). 

Regardless of the concept employed, it is important to highlight that when 

performing an LCSA of a product system, it is essential a high grade of methodological 
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consistency between the three components (LCA, LCC, and SLCA). For instance, 

methodological assumptions about the selection of functional unit, multifunctionality 

approach and system boundaries have to be homogenous. Furthermore, in order to avoid 

double-counting effects, when jointly interpreting the results from the three 

sustainability dimensions, the use of correlated indicators should be generally avoided. 

In the specific case of hydrogen energy systems, technical assumptions are also 

fundamental aspects that shall be maintained when characterising the three 

sustainability dimensions of a system. In this regard, the lifespan of the production plant 

and its components, the geographical scope, the efficiency, and the final conditions of 

hydrogen are among the key technological features that shall be consistent when 

separately performing LCA, LCC and SLCA towards an LCSA of a case study.  

Given the global relevance of sustainability at different levels, an increasing 

scientific activity is found in the literature. In particular, as highlighted in [67], the 

interest in this field has remarkably increased since the release in 2011 of the document 

“Towards a Life Cycle Sustainability Assessment: Making Informed Choices on 

Products” edited by UNEP/SETAC within the Life Cycle Initiative [12]. However, as 

pointed out in [17,99], most of the articles published in this field address LCSA from a 

theoretical standpoint, i.e. focusing on the main challenges, on developments, stat-of-

the-art, and methodological recommendations, while there is a general scarcity of 

studies applying LCSA to the assessment of goods or services. Furthermore, when 

focusing on energy systems, the majority of the studies are not fully addressed 

following a life-cycle perspective [100]. 

With the purpose of a straightforward representation of the outcomes of an 

LCSA to the target audience –which is not always composed by experts in sustainability 

analyses– several approaches to communicate the results are proposed in the literature. 

For instance, Traverso et al. [38] proposed a single score index with a dashboard that 

can involve an aggregation at the intra-dimensional level (i.e., a single score per 

sustainability dimension) or at the multi-dimensional level (one single score for 

sustainability). Other authors [39] proposed a large set of environmental, economic, and 

social indicators without aggregating them in single scores. Given the methodological 

nature of this thesis, a final decision-maker is not involved. Therefore multi-criteria 

decision analysis tools or other aggregation and weighting methods –which would 

require a separate and specific discussion [40]– were not used herein.  
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2.3. Results and discussion 

This chapter shows the methodological advances in LCA, LCC and SLCA for 

hydrogen energy systems towards the definition of a comprehensive methodological 

LCSA framework. The framework robustly involves environmental, economic and 

social assessments with a life-cycle perspective. Each of the sustainability dimensions is 

first implemented and subsequently jointly interpreted with other dimensions under eco-

efficiency criteria (i.e., involving environmental and economic life-cycle performance) 

and LCSA criteria. The methodological advances in the environmental, economic and 

social dimensions and their application are presented in the Sections 2.3.1, 2.3.2, 

2.3.3.1, respectively. 

2.3.1. Robust comparative LCA of hydrogen energy systems 

As a first step towards the definition of a consistent framework for both 

individual and comparative LCA of hydrogen energy systems, the main methodological 

trends found in the literature review (Section 2.2.1) are summarised in this section. 

Afterwards, by following the key trends identified and the specific guidelines for LCA 

of hydrogen [44], harmonisation protocols were formulated for the main environmental 

impact categories identified. Subsequently, in order to prove the applicability of the 

protocols, a wide number of literature case studies of renewable hydrogen energy 

systems was harmonised and robustly contextualised versus conventional hydrogen 

from steam methane reforming. Furthermore, the application of the protocols led to an 

extensive collection of harmonised life-cycle indicators as a useful source of data for 

practitioners willing to perform robust comparisons with hydrogen production options 

provided in the libraries developed in this thesis. 

2.3.1.1. Identification of methodological trends 

The identification and the analysis of the trends in methodological choices are 

of paramount importance not only for performing new LCA studies of hydrogen energy 

systems but also for the definition of a methodological framework to harmonise LCA 

results of hydrogen. In this respect, the goal of this section is to reveal the key 

methodological trends in LCA of hydrogen energy systems according to the review 

approach detailed in Section 2.2.1. 
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The overall sample involves 509 original case studies of hydrogen energy 

systems found in 97 articles. Key methodological trends were identified within the LCA 

stages of scope definition, LCI, and LCIA. In this regard, around 90 % of the studies 

reviewed are comparative and a significant part of them does not perform comparisons 

with consistent methodological choices. Regarding the specific LCA methodological 

aspect of the definition of the functional unit (FU), Figure 16 shows the nature (mass, 

volume, energy, travelled distance, passenger·distance or economic) of the FU chosen 

according to the type of case study under review. Overall, the choice of FU was found 

to be similarly distributed between energy, mass and travelled distance. In hydrogen 

production case studies (cradle-to-gate), the common choice is an FU that allows direct 

identification of an amount of hydrogen. 

 

 

Figure 16. Choice of the functional unit according to the type of case study 

It should be noted that a small percentage of case studies which use an energy 

FU does not present a clear statement about the energy content (lower or higher heating 

value), while case studies using a volume FU always specify appropriately pressure and 

temperature conditions (necessary to convert volume into mass or energy). Economic 

FUs play a minor role, accounting for only four case studies. Input-oriented FUs are 

used in a minor number of case studies based on the energy content of the feedstock. 
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Approximately 19 % of the total amount of case studies were considered 

multifunctional. The technological category mainly affected by multifunctionality was 

found to be the biological one (50 % of the biological cases are multifunctional), 

followed by the thermochemical (23 %) and electrochemical (8 %) ones. The co- and 

by-products considered in the multifunctional case studies are mainly electricity (40 %), 

food and fodder (34 %), heat (22 %) and fuels (4 %). CO2 capture is often included in 

the evaluated systems, but in all these cases, no impact is allocated to the CO2 captured, 

and therefore, these systems were not considered multifunctional. Additionally, a 

significant percentage of the multifunctional case studies (37 %) present the results for 

the whole system (i.e., without application of any allocation approach) or do not specify 

clearly the allocation approach; for the remaining case studies (63 %), the choices to 

deal with multifunctionality are summarised in Figure 17. 

 

Figure 17. Choice of the multifunctionality approach at different stages 

Within the system boundaries, multifunctionality can take place at feedstock 

production, driving energy production, and/or at hydrogen production. In this regard, 

system expansion was found in half of the cases with multifunctionality at the hydrogen 

production stage. In these systems, electricity or heat co-production is usually found. 

When allocation is not avoided but applied, the choice of energy or exergy allocation at 

the production stage was the most common choice. The use of other allocation 

approaches (mainly, mass and economic allocation) was found when multifunctionality 

appears before hydrogen production, namely at the stage of feedstock (key hydrogen 

carrier) production or driving energy production. 
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Allocation at the hydrogen use stage is not generally required. It was found only 

in a case study addressing power generation with the distinction between peak and off-

peak electricity [101]. On the other hand, the case studies with multifunctionality at the 

feedstock production level are based on first/second generation biomass (71 %) or 

microalgae (29 %). In these cases, the additional products are other marketable 

materials such as industrial wood or fodder (76 %), biofuels (19 %) and heat (5 %). 

Finally, the case studies with multifunctionality at driving energy production are based 

mainly on non-renewable sources (63 %) rather than on renewable sources (37 %). In 

these cases, the additional products are electricity (33 %), marketable materials such as 

sulphur and carbon black (32 %), heat (28 %), or other fuels (7 %). 

Regarding life-cycle indicators and LCIA methods for environmental 

characterisation, Figure 18 shows the life-cycle indicators most commonly selected by 

the authors (viz., global warming, acidification, energy consumption, eutrophication, 

ozone layer depletion, photochemical oxidant formation, abiotic depletion, human 

toxicity, land use, and human health). This set of indicators covers 80 % of the total 

number of indicator occurrences in the publications reviewed. Figure 18 shows the type 

of method used to quantify each indicator, distinguishing the family to which the 

method belongs but without distinction between versions. Even though this section is 

limited to environmental categories, it should be noted that only 15 % of the studies 

include also social and/or economic indicators in the analysis. Since the choice of both 

life cycle indicators and LCIA methods is generally homogeneous for the different case 

studies within a publication, Figure 18 is based on the choices by single publication. 

Global warming (i1) is the most common indicator addressed by the authors. 

However, energy-related indicators (i3, i7, i8) and acidification represent indicators of 

particular relevance for the authors. Regarding the global warming indicator, IPCC 

methods are the most common choice to characterise life cycle GHG emissions 

(typically expressed in kg CO2 eq). Two types of study are considered under the “IPCC” 

label: (i) studies using the single-issue IPCC method, and (ii) studies not resorting to 

specific LCIA methods but applying the IPCC characterisation factors for a limited set 

of emissions (typically, CO2, N2O and CH4). Although other methods such as CML and 

ReCiPe ones also use IPCC-based characterisation factors, they have been separately 

distinguished within the “i1” bar of Figure 18. A significant percentage of studies (ca. 

10 %) do not specify clearly the method used to evaluate global warming.  
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Figure 18. Choice of life-cycle indicators and LCIA method. i1: global warming; i2: acidification; i3: energy 

consumption (total); i4: eutrophication; i5: ozone layer depletion; i6: photochemical oxidant formation; i7: 

energy consumption (fossil); i8: energy consumption (non-renewable); i9: abiotic depletion; i10: human 

toxicity; i11: land use; i12: human health (damage category) 

The indicators on life-cycle energy consumption (typically expressed in energy 

units, for instance, MJ) are subdivided into the categories most commonly addressed in 

the studies: total energy (i3), fossil energy (i7), and non-renewable energy (i8). 

Regarding these indicators, only studies addressing life-cycle energy consumption for 

both foreground and background processes were considered in Figure 18. 

Regarding the indicator related to acidification (i2), its evaluation is found to be 

mostly based on CML-family methods. This family of LCIA methods quantifies the 

acidification potential impact in kg SO2 eq. Other LCIA methods for the quantification 

of acidification were found to be applied to a lesser extent (for instance, Eco-indicator, 

ReCiPe, etc.). It is important to remark that, as observed for the life-cycle indicator of 

global warming, both acidification and energy indicators are significantly affected by 

studies that do not report explicitly the LCIA method applied. Concerning other 

environmental life-cycle indicators, it should be noted that “i11” includes only land use 

and land competition indicators (but not land-use change). Finally, human health (i12) 

was found to be the most commonly assessed damage indicator, mainly using Eco-

indicator methods. A further details about the trends observed in LCA studies of 

hydrogen energy systems is available in Publication 1*. 

                                                 
* Publication 1: Valente A, Iribarren D, Dufour J. Life cycle assessment of hydrogen energy systems: a 

review of methodological choices, The International Journal of Life Cycle Assessment, 2017, 22, 346-

363 
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Overall, the trends in methodological choices in LCA studies of hydrogen 

energy systems discussed in the review constituted the starting point for the formulation 

of a harmonisation procedure. In Section 2.3.1.2, the harmonisation concept and 

procedure addressing LCA methodological aspects of hydrogen energy systems is 

presented. 

2.3.1.2. Harmonisation initiative for LCA of hydrogen 

The literature overview (Section 2.3.1.1) showed that most of the LCA studies 

of hydrogen energy systems were comparative. In this regard, significant differences in 

terms of methodological choices were found from a study to another. These differences 

significantly affect the results of the LCA studies and generally hamper their robust 

interpretation, especially when comparing results from different studies. 

Within this context, the harmonisation initiative of the LCA results under a 

consistent methodological framework was undertaken in this thesis. In particular, 

protocols for the harmonisation of the three relevant life-cycle impact categories of 

global warming (GWP), cumulative non-renewable energy demand (CED), and 

acidification (AP) of hydrogen were developed. 

The LCA harmonisation protocols are based on consistent methodological 

choices for a common hydrogen production framework. Figure 19 shows the general 

structure of a harmonised hydrogen energy system. Since the focus of this work was 

placed on hydrogen production, the boundaries of the system were defined according to 

a cradle-to-gate approach covering up to the hydrogen compression stage and excluding 

further downstream stages such as hydrogen distribution and use. 

Capital goods (i.e., such as machinery, equipment and buildings) were included 

within the boundaries of the harmonised system to enhance the robustness of 

comparisons between installations at a different scale. The main subsystems shown in 

Figure 19 are consistent with the provisions of the FC-HyGuide guidance document 

[44], which provides recommendations for LCA studies of hydrogen production 

technologies. 
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Figure 19. Harmonised hydrogen energy system 

The formulation of the protocols takes into account the key methodological 

trends observed in the literature review performed (Section 2.3.1.1) as well as other 

relevant documents for performing LCA [13,14,44]. As a result, the harmonisation 

protocols address the aspects of: 

 LCI modelling approach. 

 LCIA method. 

 System boundaries and inclusion of capital goods. 

 Functional unit. 

 Approach to deal with multifunctionality. 

 Final conditions of hydrogen. 

The flow diagrams of protocols are shown in Figure 20-Figure 22. Each protocol 

addresses the harmonisation of a single environmental life-cycle indicator. In particular 

they address the life-cycle indicators of GWP (Figure 20), CED (Figure 21), and AP 

(Figure 22). Each protocol provides specific instructions for its step-by-step application 

distinguishing four main blocks of instructions. These blocks deal with: 

(i) LCI modelling approach, LCIA method and system boundaries. 

(ii) Functional unit. 

(iii) Multifunctionality. 

(iv) Compression stage and capital goods. 
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Figure 20. Harmonisation protocol for the global warming (GWP) of hydrogen. In this figure “Table 1-3” refers to 

Publication 2* 

                                                 
* Publication 2: Valente A, Iribarren D, Dufour J. Harmonised life-cycle global warming impact of 

renewable hydrogen, Journal of Cleaner Production, 2017, 149, 762-772 
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Figure 21. Harmonisation protocol for the cumulative non-renewable energy demand (CED) of hydrogen. In this 

figure “Table 1-3” refers to Publication 3* 

                                                 
* Publication 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 
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Figure 22. Harmonisation protocol for the acidification (AP) of hydrogen. In this figure “Table 1-3” refers to 

Publication 4* 

                                                 
* Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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Regarding the life-cycle indicator of GWP, as shown in the first block of the 

protocol in Figure 20, the applicability was limited to case studies in which the 

quantification of GWP was based on IPCC-family factors with a horizon of 100 years 

and applied at least to CO2, N2O and CH4 life-cycle emissions. As regards the protocol 

for the harmonisation of CED, as shown in the first block of the protocol in Figure 21, 

the applicability was limited to case studies in which the quantification of CED included 

both fossil and nuclear cumulative energy demand. Concerning the life-cycle indicator 

of AP, (first block of the protocol in Figure 22), the applicability was limited to case 

studies in which the quantification of AP was based on CML-family methods. 

In all the protocols, an attributional modelling approach is followed, and both 

the choices on general modelling approach and LCIA method are in line with the 

methodological trends identified in previous studies (Section 2.3.1.1) and the provisions 

of the FC-HyGuide guidance document [44]. Case studies with a consequential 

approach and not providing enough information to translate the results into an 

attributional approach are deemed non-harmonisable. Regarding system boundaries, a 

cradle-to-gate approach is considered, covering from the production of the 

feedstock/driving energy up to hydrogen compression (Figure 19). At the end of the 

first block of the decision diagrams, the life-cycle impacts refer to the stage immediately 

before hydrogen compression. The addition of the compression stage is addressed later 

in the last block of the diagrams. 

In the second block, the FU is harmonised to 1 kg of hydrogen produced. For 

those case studies using an FU related to the energy content of hydrogen but not 

reporting the type of heating value, the lower heating value was assumed as the default 

type. The third block deals with the multifunctionality approach. The stages in which 

multifunctionality takes place (feedstock production, energy carrier production, and/or 

hydrogen production) are identified following a subsystem perspective. In order to undo 

the original allocation approach (if not consistent with the protocol) and apply the 

multifunctionality approach set in the protocol, the contribution of each subsystem to 

GWP, CED and AP, and the amount of each product coming from the subsystem need 

to be quantified. 

The final block completes the definition of the system’s boundaries. In order to 

consider the same final conditions of the hydrogen produced, the compression step is 

added, which represents the only technological aspect subject to harmonisation. The 
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final pressure and temperature of hydrogen are set at 20 MPa and 25 °C, respectively. In 

order to calculate the energy needed for the compression stage, the initial pressure (i.e., 

the pressure before the compression stage) is also required. It should be noted that, 

when calculating the harmonised life-cycle impacts of the compression step, the 

selection of the electricity source has to be consistent with the choice of the authors. 

Finally, the capital goods associated with the different stages of the system are included 

(if not already done) since they may present a significant contribution to the impact, 

especially in renewable systems. 

It should be noted that default values of GWP, CED and AP for different types 

of electricity and capital goods as well as default values of energy for compression, are 

provided along with the protocols. The default values are provided in order to increase 

the applicability of the protocols. Nevertheless, the use of default values is expected 

mainly when revisiting other authors’ LCA studies of hydrogen energy systems, but not 

when performing own case studies by future LCA practitioners willing to apply the 

harmonisation protocol (in this situation, case-specific data are expected to be 

available). Further details about the protocols and default values for GWP, CED and AP 

are available in the publications 2*, 3†, and 4‡, respectively. 

2.3.1.3. Libraries of harmonised life-cycle indicators 

In this section, the protocols (Section 2.3.1.2) are applied to a wide range of 

LCA case studies of renewable hydrogen retrieved from the review (Section 2.3.1.1). 

The effective application of the protocol involves 71 case studies of renewable 

hydrogen as well as a reference case study of conventional hydrogen from SMR. Thus, 

as a result of the protocol application, a sound database of harmonised life-cycle 

indicators of hydrogen options was made available. It should be noted that, while the 

database includes harmonised carbon and energy footprints for the whole sample, the 

harmonised values for acidification refer to approximately one third of the sample, with 

higher occurrence when hydrogen is produced through thermochemical technological 

                                                 
* Publication 2: Valente A, Iribarren D, Dufour J. Harmonised life-cycle global warming impact of 

renewable hydrogen, Journal of Cleaner Production, 2017, 149, 762-772 

† Publication 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 

‡ Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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pathways. Nevertheless, this database is expected to grow progressively through the 

application of the protocols by future LCA practitioners addressing hydrogen energy 

systems.  

The 71 case studies of renewable hydrogen subject to quantitative harmonisation 

were subdivided into three main technological production categories: thermochemical 

(Table 6), electrochemical (Table 7), and biological (Table 8). In these tables, the 

harmonised GWP, CED and AP for each case study are reported along with the impacts 

of the original study. It should be noted that negative values of GWP and AP impacts 

generally refer to multifunctional systems displacing the production of carbon-intensive 

(e.g., grid electricity) and acidification-intensive (e.g., fertilisers) goods. In general, the 

higher the difference between the original and harmonised impacts, the higher the risk 

of misinterpretation when comparing case studies. It should be noted that for a number 

of case studies the harmonised CED was not directly calculated through the 

application of the protocol but estimated from the GWP according to a correlation 

between GWP and CED. This is possible given the availability of a correlation equation 

as further described in Publication 5*.  

It is important to note that the values obtained from the application of the 

protocols should not be understood as a correction of the original results, but as a source 

of new, harmonised life-cycle indicators coming from a consistent framework 

facilitating sound comparisons between different hydrogen-oriented case studies. In this 

sense, the application of the protocol is recommended when contextualising the 

environmental life-cycle performance of hydrogen energy systems to enhance the 

robustness of comparative studies. To this end, within the LCA hydrogen harmonisation 

initiative undertaken in the frame of this thesis, the web-based application 

“GreenH2armony®” [45] has been recently launched by the Systems Analysis Unit of 

IMDEA Energy to facilitate the use of these protocols. 

In the thermochemical category, most of the harmonisable case studies imply 

biofuel reforming (code starting by “SBR”). Additionally, a significant number of 

harmonisable case studies in the thermochemical category involve biomass gasification 

(code starting by “BMG”). Only two harmonisable case studies involve thermochemical 

                                                 
* Publication 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, in Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapore, ISBN 978-981-13-2456-7 
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cycles (code starting by “TCC”). In general, when moving from the original to the 

harmonised impact of thermochemical hydrogen, an increase in life-cycle impacts is 

observed. This is mainly due to the addition of the compression stage since most of the 

thermochemical case studies set the purification step as the final stage. 

Table 6. Library of harmonised life-cycle indicators of renewable hydrogen within the thermochemical category 

(original value in brackets) 

Ref. Code Hydrogen production process 
GWP 

(kg CO2 eq·kg-1 H2) 
CED 1 

(MJ·kg-1 H2) 
AP  

(g SO2 eq·kg-1 H2) 

[47] SMR1 Steam reforming of natural gas (reference case) 11.43 (10.56) 200.95 (185.08) 18.59 (8.44) 

[59] TCC1 NiFe2O thermochemical (heat from solar reactor) 6.81 (5.06) 128.22 (n.a.) n.a. (n.a.) 

[59] TCC2 ZnO thermochemical (heat from solar reactor) 6.69 (4.94) 126.07 (n.a.) n.a. (n.a.) 

[54] SBR1 Bioethanol reforming (from wheat grains) 10.36 (9.20) 191.87 (n.a.) 56.14 (52.00) 

[102] SBR2 Bio-oil reforming (rape-seed oil) 7.35 (6.42) 137.91 (n.a.) n.a. (n.a.) 

[102] SBR3 Bio-oil reforming (palm oil) 5.25 (4.32) 100.25 (n.a.) n.a. (n.a.) 

[103] SBR4 Bioethanol + CH4 (44 %) reforming 5.04 (3.93) 96.49 (n.a.) 7.02 (2.69) 

[103] SBR5 Bioethanol reforming (from cassava) 11.78 (10.57) 217.34 (n.a.) 25.56 (21.66) 

[54] SBR6 Autothermal reforming of bioethanol  9.94 (8.80) 184.34 (n.a.) 53.80 (49.70) 

[54] SBR7 Autothermal reforming of biomethane  5.79 (4.80) 109.93 (n.a.) -38.12 (-42.00) 

[104] SBR8 Biomethane reforming (from non-food bio-waste) 6.98 (5.84) 131.27 (n.a.) 92.93 (89.37) 

[104] SBR9 Biomethane reforming (from German substrate mix) 7.22 (6.08) 135.57 (n.a.) 123.56 (120.00) 

[105] SBR10 Biogas reforming 7.34 (5.59) 98.19 (4.15) n.a. (n.a.) 

[54] SBR11 Biomethane reforming 5.80 (4.80) 110.11 (n.a.) -43.99 (-47.90) 

[106] SBR12 Bio-oil reforming (from fast pyrolysis of wood chips) 5.82 (6.40) 111.22 (95.64) n.a. (n.a.) 

[106] SBR13 Bio-oil reforming (from fast pyrolysis of willow) 7.42 (8.20) 113.98 (98.40) n.a. (n.a.) 

[107] SBR14 Bio-oil reforming 5.24 (3.79) 114.66 (89.34) 72.71 (65.1) 

[54] POX1 Partial oxidation of biomethane 5.88 (4.90) 111.55 (n.a.) -37.11 (-41.00) 

[77] BMG1 Biomass gasification (short-rotation poplar) 2.09 (1.34) 41.86 (21) 17.19 (11.63) 

[104] BMG2 Biomass gasification  4.40 (3.56) 85.01 (n.a.) 14.87 (10.00) 

[108] BMG3 Biomass gasification 1.62 (2.00) 35.17 (n.a.) n.a. (n.a.) 

[47] BMG4 Biomass gasification  0.18 (0.41) 25.36 (19.52) 14.46 (11.30) 

[109] BMG5 Biomass gasification 4.16 (3.36) 80.71 (n.a.) 16.30 (12.50) 

[110] BMG6 Biomass gasification  8.00 (8.64) 149.56 (n.a.) n.a. (n.a.) 

[111] BMG7 Biomass gasification -0.13 (0.34) 13.76 (9.29) 9.62 (8.36) 

[112] BMG8 Biomass gasification  10.47 (17.04) 20.40 (156.09) n.a. (n.a.) 

[113] BMG9 Biomass gasification (with CCS) -24.19 (-14.63) -427.61 (n.a.) 20.10 (20.70) 

1 When original CED was “n.a.”, the harmonised value was estimated by using the correlation equation reported in Publication 5
*
 

The electrochemical category is found to be completely dominated by water 

electrolysis (mainly alkaline), being wind power (WPE) and photovoltaic power (PVE) 

the most common driving energy options. In this technological category, the differences 

between original and harmonised life-cycle impacts are found to be generally lower than 

those observed in the remaining technological categories and are mainly due to the 

harmonisation of the compression stage. This means that the probability of obtaining 

                                                 
* Publication 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, in Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapore, ISBN 978-981-13-2456-7 
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misleading results when performing the LCA of a new electrochemical case study is 

generally lower than that linked to new thermochemical or biological case studies. 

Table 7. Library of harmonised life-cycle indicators of renewable hydrogen within the electrochemical category 

(original value in brackets) 

Ref. Code Hydrogen production process 
GWP 

(kg CO2 eq·kg-1 H2) 
CED 1 

(MJ·kg-1 H2) 
AP  

(g SO2 eq·kg-1 H2) 

[114] WPE1 Water electrolysis (wind power) 1.09 (3.33) 25.66 (n.a.) n.a. (n.a.) 

[115] WPE2 Water electrolysis (wind power) 0.97 (2.46) 23.51 (n.a.) n.a. (n.a.) 

[116] WPE3 Water electrolysis (wind power) 0.96 (0.97) 23.33 (n.a.) n.a. (n.a.) 

[117] WPE4 Water electrolysis (wind power) 0.96 (0.87) 23.33 (n.a.) n.a. (n.a.) 

[118] WPE5 Water electrolysis (wind power) 0.51 (0.38) 15.26 (n.a.) n.a. (n.a.) 

[119] WPE6 Water electrolysis (wind power) 2.02 (1.85) 42.34 (n.a.) n.a. (n.a.) 

[120] WPE7 Water electrolysis (wind power) 1.15 (0.97) 26.74 (n.a.) n.a. (n.a.) 

[110] WPE8 Water electrolysis (wind power) 1.20 (1.09) 29.93 (28.56) n.a. (n.a.) 

[121] WPE9 Water electrolysis (asbestos membrane, wind power) 0.73 (0.62) 19.21 (n.a.) 4.15 (4.10) 

[121] WPE10 Water electrolysis (advanced membrane, wind power) 0.68 (0.57) 18.31 (n.a.) 3.05 (3.00) 

[121] WPE11 Water electrolysis (advanced. membrane, wind power) 0.68 (0.57) 18.31 (n.a.) 3.05 (3.00) 

[122] WPE12 Water electrolysis (Na-Cl cell) (wind power) 0.16 (0.03) 8.99 (n.a.) n.a. (n.a.) 

[123] WPE13 Water electrolysis (wind power) 0.85 (0.76) 21.36 (n.a.) n.a. (n.a.) 

[124] WPE14 Water electrolysis (wind power) 0.78 (0.63) 20.11 (n.a.) n.a. (n.a.) 

[125] WPE15 PEM water electrolysis (wind power) 0.74 (0.60) 19.39 (n.a.) n.a. (n.a.) 

[126] WPE16 High temperature water electrolysis (wind power) 0.63 (0.51) 8.07 (8.75) 2.40 (2.52) 

[127] WPE17 Water electrolysis (wind power) 0.84 (0.85) 21.18 (n.a.) n.a. (n.a.) 

[126] WPE18 HT electrolysis (intermittent wind power) 0.81 (0.69) 11.46 (12.47) 3.27 (3.48) 

[126] WPE19 HT electrolysis (intermittent wind power, NG back-up) 2.29 (2.18) 17.57 (19.18) n.a. (n.a.) 

[110] PVE1 Water electrolysis (PV power) 2.18 (2.18) 59.37 (54.42) n.a. (n.a.) 

[120] PVE2 Water electrolysis (PV power) 2.59 (2.41) 52.56 (n.a.) n.a. (n.a.) 

[114] PVE3 Water electrolysis (PV power) 5.75 (8.00) 109.22 (n.a.) n.a. (n.a.) 

[115] PVE4 Water electrolysis (PV power) 3.98 (3.66) 77.48 (n.a.) n.a. (n.a.) 

[117] PVE5 Water electrolysis (PV power) 2.37 (2.15) 48.61 (n.a.) n.a. (n.a.) 

[122] PVE6 Water electrolysis (Na-Cl cell) (PV power) 0.69 (0.37) 18.49 (n.a.) n.a. (n.a.) 

[125] PVE7 PEM water electrolysis (PV power) 3.22 (3.00) 63.85 (n.a.) n.a. (n.a.) 

[127] PVE8 Water electrolysis (PV power) 5.04 (5.82) 96.49 (n.a.) n.a. (n.a.) 

[128] PVE9 Water electrolysis (PV power) 7.53 (6.50) 141.13 (n.a.) n.a. (n.a.) 

[127] CSE1 Water electrolysis (thermal solar power) 2.20 (2.41) 45.57 (n.a.) n.a. (n.a.) 

[110] CSE2 Water electrolysis (thermal solar power) 1.72 (1.64) 44.28 (42.93) n.a. (n.a.) 

[110] HE1 Water electrolysis (hydro power) 1.02 (0.91) 23.90 (22.4) n.a. (n.a.) 

[101] HE2 Water electrolysis (hydro power) 0.77 (0.45) 8.71 (8.62) 2.23 (2.20) 

[127] HE3 Water electrolysis (hydro power) 1.99 (1.99) 41.80 (n.a.) n.a. (n.a.) 

[128] HE4 Water electrolysis (hydro power) 11.53 (10.5) 212.85 (n.a.) n.a. (n.a.) 

[127] BME1 Water electrolysis (biomass gasification electricity) 1.72 (2.98) 35.50 (42.34) n.a. (n.a.) 

[129] RNE1 Water electrolysis (generic renewable power) 6.11 (5.96) 115.67 (n.a.) n.a. (n.a.) 

[108] RNE2 Water electrolysis (generic renewable power) 3.50 (4.00) 68.88 (n.a.) n.a. (n.a.) 

1 When original CED was “n.a.”, the harmonised value was estimated by using the correlation equation reported in Publication 5
*
 

Finally, for the biological category, renewable hydrogen is produced by 

fermentation of microalgae (MAF) or other biomass feedstock (BMF). In this 

technological category, the deviation of the results is remarkable both after and before 

the harmonisation, which is closely linked to the very high impacts values found for 

biological hydrogen in MAF1 and MAF2. The differences between original and 

                                                 
* Publication 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, in Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapore, ISBN 978-981-13-2456-7 
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harmonised impacts in this technological category are mainly associated with the 

harmonisation of the compression stage and the inclusion of capital goods. These 

differences are generally higher than in the electrochemical category, which means a 

higher risk of misinterpretation if harmonisation is not performed before the comparison 

of new and/or current case studies. 

Table 8. Library of harmonised life-cycle indicators of renewable hydrogen within the biological category (original 

value in brackets) 

Ref. Code Hydrogen production process 
GWP  

(kg CO2 eq·kg-1 H2) 

CED 1 

(MJ·kg-1 H2) 
AP  

(g SO2 eq·kg-1 H2) 

[130] BMF1 Fermentation (wheat straw) 4.76 (3.56) 91.47 (n.a.) n.a. (n.a.) 

[130] BMF2 Fermentation (potatoes peels) 2.64 (1.31) 53.46 (n.a.) n.a. (n.a.) 

[130] BMF3 Fermentation (sweet stalk) 5.20 (4.07) 99.36 (n.a.) n.a. (n.a.) 

[66] BMF4 Photo-fermentation (sugarcane)  5.01 (3.50) 91.12 (40.10) n.a. (n.a.) 

[66] BMF5 Dark fermentation (sugarcane)  7.36 (5.05) 183.72 (61.70) n.a. (n.a.) 

[66] BMF6 Two-stage fermentation (sugarcane)  4.90 (3.40) 87.74 (39.30) n.a. (n.a.) 

[131] MAF1 Fermentation (microalgal sugar) 57.53 (55.50) 1037.63 (n.a.) n.a. (n.a.) 

[131] MAF2 Fermentation (microalgal sugar) 2044.40 (2040.80) 36662.21 (n.a.) n.a. (n.a.) 

1 When original CED was “n.a.”, the harmonised value was estimated by using the correlation equation reported in Publication 5
*
 

Overall, the case-by-case differences between the original and the harmonised 

impact in all the environmental categories (Tables 5-7) prove the risk of 

misinterpretation faced by LCA practitioners when comparing values from different 

case studies. Further details about potential cases of misinterpretation and their sources 

are reported in the related publications 2†, 3‡, and 4§. 

The availability of harmonised life-cycle impacts for different hydrogen options 

allows the robust contextualisation of results both at the level of case study and at the 

level of technological category. In this respect, Figure 23 shows the overall picture 

reporting the harmonised life-cycle impacts for the 71 renewable case studies of 

hydrogen in relative terms with respect to the ones of conventional (fossil) hydrogen 

                                                 
* Publication 5: Valente A, Iribarren D, Dufour J. Cumulative Energy Demand of Hydrogen Energy 

Systems, in Subramanian Senthilkannan Muthu (ed.), Energy Footprints of the Energy Sector, 2019, 

Springer, Singapore, ISBN 978-981-13-2456-7 

† Publication 2: Valente A, Iribarren D, Dufour J. Harmonised life-cycle global warming impact of 

renewable hydrogen, Journal of Cleaner Production, 2017, 149, 762-772 
‡ Publication 3: Valente A, Iribarren D, Dufour J. Harmonising the cumulative energy demand of 

renewable hydrogen for robust comparative life-cycle studies, Journal of Cleaner Production, 2018, 175, 

384-393 
§ Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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from SMR. The values are arranged in ascending order of GWP impacts. The 

distribution of the values shows that electrochemical hydrogen tends to perform better 

than thermochemical and biological hydrogen in all the impact categories. It was also 

observed that biological hydrogen shows scattered harmonised values. The high 

correlation between GWP and CED indicators is shown by the generally similar relative 

impacts the case studies obtain. In contrast, as highlighted in Publication 4*, the 

scattered distribution of AP harmonised impacts indicates that a correlation between AP 

and the other indicators was not found. 

On the one hand, the least favourable pathway in GWP and CED was found 

within the biological category in fermentative process involving microalgae feedstock 

due to the high energy needs in microalgal growing and drying (as shown in Table 8, no 

case studies reporting AP were found in this category). On the other hand, 

thermochemical technologies were found to be highly competitive in terms of GWP and 

CED when co-producing electricity, and highly competitive in AP when involving the 

co-production of fertilisers. Regarding electrochemical hydrogen, even though wind-

based technologies usually outperform solar-based ones in all the categories, the latter is 

still associated with a suitable performance when compared to other technological 

routes. 

Overall, as a result of this thesis, thorough libraries of harmonised carbon, non-

renewable energy, and acidification footprints of hydrogen is now available. As a key 

feature, the harmonised values included in these libraries are methodologically 

consistent, i.e. they are reported on the basis of harmonised LCA methodological 

choices regarding e.g. functional unit, system boundaries, multifunctionality approach, 

and final hydrogen conditions (Section 2.3.1.2). The use of harmonised values allows 

robust comparisons between different hydrogen options including their benchmarking 

against conventional, fossil-based hydrogen from SMR. 

                                                 
* Publication 4: Valente A, Iribarren D, Dufour J. Harmonising methodological choices in life cycle 

assessment of hydrogen: A focus on acidification and renewable hydrogen, International Journal of 

Hydrogen Energy, 2019, 44, 19426-19433 
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Figure 23. Harmonised life-cycle impacts with respect to conventional hydrogen from SMR. The values are arranged 

by ascending order of carbon footprint (GWP) 
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2.3.1.4. Use of harmonised life-cycle indicators beyond hydrogen production 

The use of harmonised life-cycle indicators is not limited to comparative studies 

of hydrogen production options, but it can be extended to comparative studies involving 

life-cycle stages beyond hydrogen production, for instance involving the use. In this 

sense, the use of harmonised life-cycle impacts (Section 2.3.1.3) allows analysts to 

robustly include the impacts associated with an input of compressed hydrogen without 

requiring the specific implementation of inventory data for hydrogen up to the 

compression stage. 

With the aim of demonstrating the usefulness of using harmonised life-cycle 

indicators in studies beyond hydrogen production, this section explores the role of 

hydrogen as a fuel in proton exchange membrane fuel cell (PEMFC) passenger cars. 

The study involves three different hydrogen production options: (i) fossil-based steam 

methane reforming (SMR_FC), (ii) biomass gasification (BG_ FC), and (iii) alkaline 

water electrolysis powered by wind power (WPE_ FC). The goal of the study is to 

robustly characterise and compare the environmental life-cycle profile of a PEMFC 

passenger car running on different hydrogen fuel options. This will allow understanding 

the role played by hydrogen as the fuel with respect to the overall environmental 

characterisation. 

The stages and processes included in the general system under evaluation were 

set when defining the boundaries of the overall PEMFC vehicle system. In this regard, a 

well-to-wheels study was performed, distinguishing three key stages: hydrogen fuel 

production, vehicle manufacture, and vehicle operation (i.e., use phase of both the fuel 

and the vehicle, including maintenance). Figure 24 shows the main stages, processes 

and streams involved in the analysis. Other life-cycle stages such as hydrogen storage 

and distribution, refuelling stations and end-of-life were not addressed in the study. In 

this way, the general system was kept homogeneous. FCEV manufacture and operation 

stages remain the same regardless of the specific hydrogen fuel production and 

distribution pathway considered. Moreover, while the consideration of alternative 

hydrogen fuels does constitute a source of variation in the definition of the system, the 

use of harmonised life-cycle indicators of hydrogen further enhances the consistency of 

the comparative study. 
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Figure 24. System’s boundaries of the fuel cell electric vehicles under study 

Regardless of the specific hydrogen fuel option, the functional unit for the LCA 

study of the overall PEMFC car system was 1 km travelled by the vehicle fuelled by 

hydrogen. Capital goods were included in the system’s boundaries. The vehicle was 

assumed to run 190,000 km during its useful life, which corresponds to the lifetime 

considered for the PEMFC stack. For the three hydrogen fuel options, hydrogen was 

considered to be supplied and stored on-board in tanks at 700 bar. It should be 

highlighted that, while the harmonised results for SMR_ FC and BG_ FC were directly 

adapted from the three libraries (corresponding to the case studies with code SMR1 and 

BMG4 in Table 6), the harmonised life-cycle indicators of WPE_FC were calculated 

through the computational implementation of the inventory data. Further details on data 

acquisition for the definition of the system under study and the life-cycle inventories are 

reported in Publication 6* of this thesis. 

The environmental characterisation of the PEMFC car systems (one system per 

hydrogen fuel option) is shown in Figure 25 (a), (b), and (c) in terms of carbon 

footprint, energy footprint, and acidification footprint, respectively. In order to highlight 

the role of the hydrogen fuel in the life-cycle performance of each system, the life-cycle 

results are displayed in Figure 25 distinguishing the contribution from hydrogen fuel 

                                                 
* Publication 6: Valente A, Iribarren D, Candelaresi D, Spazzafumo G, Dufour J. Using harmonised life-

cycle indicators to explore the role of hydrogen in the environmental performance of fuel cell electric 

vehicles, International Journal of Hydrogen Energy (in press), DOI:10.1016/j.ijhydene.2019.09.059 
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production, vehicle operation, PEMFC stack manufacture, and manufacture of the 

remaining vehicle infrastructure. 

 

Figure 25. Contribution to the (a)carbon, (b) non-renewable energy, and (c) acidification footprints in each system 

Concerning the carbon and energy footprints results, the hydrogen fuel was found 

to play a leading role only when considering the fossil fuel option (i.e., SMR_FC). In 

other words, a minor role of the hydrogen fuel was found when considering the 

renewable options, i.e. BG_FC and WPE_FC. The situation was different when 

focusing on the acidification footprint results. For this life-cycle indicator, even though 

the SMR_FC system still shows the highest potential impact, the difference with the 

renewable options (both BG_FC and WPE_FC) was found to be considerably lower 

than that for the carbon and energy footprints. A reduced steel demand would lead not 

only to direct benefits in all the environmental categories selected (due to lower steel 

production) but also to indirect benefits linked to light-weighting [132], e.g. reduction in 

wear emissions and fuel consumption. 

Focusing on the role played by the hydrogen fuel on the system's life-cycle 

performance for each indicator, while the acidification footprint arose as the indicator 

associated with the lowest relevance of hydrogen within the SMR_FC system, the 

opposite finding was observed for the renewable systems. When focusing on the 

BG_FC system, the lowest relevance of hydrogen was associated with the carbon 

footprint, while the relevance of the hydrogen fuel was substantially higher in terms of 

the acidification and energy footprints. Finally, regarding the WPE_FC system, similar 

ratios were found for the carbon and energy footprints, while the highest ratio was 

associated with the acidification footprint. 
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Overall, from this study, it is concluded that the choice of hydrogen fuel 

significantly affects the life-cycle performance of PEMFC vehicles. The choice of 

fossil-based hydrogen (SMR_FC) for PEMFC passenger cars was associated with a 

substantial increase in the system’s life-cycle environmental impacts when compared to 

the same car but running on renewable hydrogen (BG_FC or WPE_FC). Nevertheless, 

the choice of the preferred renewable hydrogen option was found to be conditioned by 

the life-cycle indicator(s) to be prioritised by the decision-maker. Finally, the study 

highlights the usefulness of harmonised life-cycle indicators when it comes to 

performing robust comparative life-cycle studies of hydrogen energy systems. Further 

remarks on the results for this study are detailed in Publication 6* of this thesis. 

2.3.2. Implementing the economic dimension 

This section presents the formulation and application of the levelised cost of 

hydrogen (LCoH), as a step towards the extension of the sustainability framework by 

implementing the economic dimension. As an advance to a more comprehensive life-

cycle sustainability assessment framework for hydrogen energy systems, the 

methodological steps to calculate the LCoH as the selected economic life-cycle 

indicator involved in two variants: without and with the internalisation of externalities 

(i.e., costs that are not included in the prices of the goods or services, but represent costs 

associated with effects outside the economic system). Furthermore, the standardised 

concept of eco-efficiency (detailed in Section 2.2.4.1) was implemented with the aim of 

facilitating the joint interpretation of the environmental and economic life-cycle 

performance of hydrogen energy systems. Moreover, the methodological advances 

developed in this section were applied to a case study of hydrogen from biomass 

gasification to benchmark its economic and eco-efficiency performance against those of 

conventional hydrogen from steam methane reforming with the aim of demonstrating 

the applicability of the methodological approach. 

2.3.2.1. Formulation and application of the levelised cost of hydrogen 

As described in Table 4, the levelised cost can be commonly defined as the selling 

price of a product making the net present value (NPV) null, and it can also be 

                                                 
* Publication 6: Valente A, Iribarren D, Candelaresi D, Spazzafumo G, Dufour J. Using harmonised life-

cycle indicators to explore the role of hydrogen in the environmental performance of fuel cell electric 

vehicles, International Journal of Hydrogen Energy (in press), DOI:10.1016/j.ijhydene.2019.09.059 
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understood as the minimum selling price of a product that avoids economic losses at the 

end of a project. To calculate the levelised cost of energy systems, two items are 

required: the system total cost (discounted to present values ) over its lifetime and the 

amount of energy produced over the lifespan [46]. In the current analysis, the procedure 

to calculate the LCoH takes into account capital expenses (CAPEX), operating expenses 

(OPEX), taxes, and as an option externalities (Ex) as expressed in Equation (8).  

𝐿𝐶𝑜𝐻 = 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋 + 𝑇𝐴𝑋𝐸𝑆 + 𝐸𝑥                                                                         (8) 

Equation (9), at the numerator, details the expressions of the four terms of Equation (8) 

divided by the common denominator: 

𝐿𝐶𝑜𝐻 =
∑ 𝐼𝑡∙( 1+𝑖

1+𝑑
)

𝑡
𝑛
𝑡=0 +∑ [(𝐹𝑡+𝑉𝑡)∙( 1+𝑖

1+𝑑
)

𝑡
+𝐴𝑡]𝑛

𝑡=0 +∑ (𝐵𝑡∙𝑟)∙( 1+𝑖
1+𝑑

)
𝑡

𝑛
𝑡=0 +∑ (𝑄𝑡∙𝑒𝑡)∙( 1+𝑖
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𝑡
𝑛
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𝑛
𝑡=0

             (9) 

where: 

n is the number of years of the plant lifespan minus one; 

t is the annual term considered; 

It is the cost associated with the capital investment in the year t; 

d is the real discount rate; 

i is the inflation rate; 

Ft is the fixed part associated with operating and maintenance costs in the year t; 

Vt is the variable part associated with operating and maintenance costs in the year t; 

At represents the term of depreciation costs for the year t; 

Bt represents the profit relative to the year t; 

r is the tax rate; 

et is the external cost associated with climate change and human health of 1 kg of 

hydrogen produced, referred to the year t; and 

Qt is the hydrogen production in the year t expressed in kg, which takes into 

account the yearly system degradation ratio (SDR) as shown in Equation (10). 

𝑄𝑡 = 𝑄𝑖𝑛𝑖𝑡𝑖𝑎𝑙 · (1 − 𝑆𝐷𝑅)𝑡                                                                                                        (10) 
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Further details about the definition and the calculation of the four components of 

the LCoH in Equation (9) was detailed in Publication 7*. The LCoH formulated in 

Equation (9) has been applied to benchmark the economic performance of hydrogen 

from biomass gasification (BG_H2) against conventional hydrogen (SMR_H2) referred 

to the Spanish geographical context. Figure 26 shows the main components, processes, 

and operating conditions of the systems under analysis.  

The layout and process data for both BG_H2 (Figure 26 a) and SMR_H2 (Figure 

26 b) were based on the work performed by Susmozas et al. [47]. For both hydrogen 

production options, the cradle-to-gate system boundaries were set to cover from the 

production of the feedstock (i.e., the hydrogen carrier: poplar biomass for BG_H2 and 

natural gas for SMR_H2) to the final conditioning of the hydrogen product. More in 

detail, the following process sections were included: feedstock production, distribution, 

and conditioning; conversion of the feedstock into syngas; syngas upgrading through 

the water gas shift (WGS) reaction; hydrogen purification via pressure swing adsorption 

(PSA); and final conditioning through a three-stage intercooled compression. 

In line with the harmonised hydrogen system (Figure 19), the functional unit of 

the analysis was defined as 1 kg of hydrogen with 99.9 vol % purity at 200 bar and 25 

°C. It is worth highlighting that both hydrogen energy systems recover the PSA off-gas 

for internal valorisation. While in SMR_H2 the off-gas is combusted to partly satisfy the 

heat requirements of the conversion process, in BG_H2 the off-gas is used to produce 

both electricity and heat. In this regard, the co-produced electricity exceeds the amount 

required in the overall process. The surplus electricity was considered to be sold to the 

grid. Hence, besides hydrogen production, the BG_H2 system involves electricity 

production as an additional function, whereas the SMR_H2 system is mono-functional 

since there is no energy surplus (additional natural gas is used to satisfy the unmet heat 

demand of the system). 

According to the procedure explained above in this section, the calculation of 

the LCoH of BG_H2 and SMR_H2 is summarised in Figure 27. The results are broken 

down by the different economic components (i.e., CAPEX, OPEX, taxes, and 

externalities) in order to facilitate the identification of the main contributors to the 

                                                 
* Publication 7: Valente A, Iribarren D, Gálvez-Martos JL, Dufour J. Robust eco-efficiency assessment of 

hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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levelised cost. Overall, the LCoH of BG_H2 is significantly higher than that of 

SMR_H2.  

 

Figure 26. Hydrogen production systems: (a) biomass gasification; (b) steam methane reforming. 

When externalities are not embedded in the analysis, BG_H2 shows an LCoH 

around 65 % higher than that of SMR_H2 (3.59 and 2.17 €·kg-1 H2, respectively). On 

the other hand, when externalities are internalised, an increase in the LCoH of 1 % and 

26 % was observed for BG_H2 and SMR_H2, respectively. Hence, the LCoH for 

BG_H2 (3.63 €·kg-1 H2) remains unfavourable compared to SMR_H2 (2.74 €·kg-1 H2), 

but being 32 % higher (rather than 65 %). In other words, the inclusion of the external 

costs related to climate change and human health, though significant, does not tip the 

economic balance in favour of the renewable hydrogen option. Furthermore, the 

economic benefits associated with the electricity surplus of the BG_H2 system were 

found not to have a major influence on the LCoH results. In this regard, if no economic 

benefits were attributed to such surplus, the LCoH without externalities would increase 

below 2 %. 
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Figure 27. LCoH benchmarking 

Concerning the main contributors to the LCoH, OPEX was found to play the 

leading role in both hydrogen options, accounting for more than 60 % of the LCoH in 

any case. In this respect, the costs for biomass in BG_H2 and natural gas in SMR_H2 

dominate the respective operating costs. Regarding CAPEX, they were found to affect 

more BG_H2 than SMR_H2, while taxes (excluding externalities) showed a similar 

contribution in both hydrogen options. 

2.3.2.2. Eco-efficiency interpretation 

This section presents the methodological advances in performing eco-efficiency 

assessment of hydrogen energy systems. The methodology integrates both 

environmental and economic life-cycle performance into a single indicator. To perform 

the eco-efficiency assessment, according to the standardised procedure detailed in 

Section 2.2.4.1, the quantification of the environmental performance and the product 

value performance with a life-cycle perspective is required. It is important to remark the 

importance of consistency in both technical and methodological aspects in evaluating 

the indicators. For the specific case of hydrogen production systems objective of this 

thesis, the environmental life-cycle indicators were selected among the most relevant 

ones (carbon, acidification and non-renewable energy footprints) for which harmonised 

libraries are available (Section 2.3.1.3). This approach guarantees methodological 
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consistency in evaluating environmental performance allowing robust comparative 

studies. 

The system value indicator for the eco-efficiency assessment was based the 

LCoH in the two variants (without and with the internalisation of externalities) 

presented in Section 2.3.2.1. The calculation of the eco-efficiency score (EE) uses the 

following equation: 

𝐸𝐸𝑘,𝑗 =
1/𝐿𝐶𝑜𝐻𝑘

𝑗𝑘
                                                                                                              (11)      

which represents the ratio of the reciprocal of LCoH for the technology k to the 

harmonised environmental impact j. It should be noted that the numerator of Equation 

(11) represents the system value indicator; it denotes the amount of hydrogen produced 

per euro spent. This system value indicator expresses a monetary value to maximise 

from the perspective of potential hydrogen producers. In the denominator, the 

harmonised impacts j are the environmental life-cycle indicators to minimise. Through 

this formulation, as required by the standardised eco-efficiency procedure [31], 

improvements in the environmental indicator or in the product system value indicator 

will increase the eco-efficiency. 

In line with the objectives of this thesis, the methodological advances to 

benchmark the eco-efficiency performance of renewable hydrogen versus that of 

conventional hydrogen were applied. In this respect, for the systems BG_H2 and 

SMR_H2 (Figure 26), the interpretation of the results in terms of economic life-cycle 

performance (Section 2.3.2.1) was expanded by involving the environmental dimension. 

The values of the harmonised life-cycle impacts (GWP, AP, and CED) for the two 

systems were retrieved from the respective library of harmonised impacts (Section 

2.3.1.3). In this respect, the harmonised values are referred to the systems with code 

SMR1 (11.43 kg CO2 eq·kg-1 H2, 200.95 MJ·kg-1 H2, and 18.59 g SO2 eq·kg-1 H2 for 

GWP, CED and AP, respectively) and BMG4 (0.18 kg CO2 eq·kg-1 H2, 25.36 MJ·kg-1 

H2, and 11.30 g SO2 eq·kg-1 H2 for GWP, CED and AP, respectively) in Table 6 for 
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SMR_H2 and BG_H2, respectively. Further details about the base assumptions for this 

eco-efficiency study are detailed in the related Publication 7*. 

Given the previous results, it is challenging to decide which hydrogen option is 

preferred under life-cycle techno-economic and environmental aspects. LCA and LCC 

results, when separately interpreted (Table 6 for environmental impacts and Figure 27 

for LCoH), lead to opposite conclusions on the suitability of hydrogen from biomass 

gasification as an alternative to conventional hydrogen. Within this context, the eco-

efficiency assessment proposed arises as a useful tool for the interpretation of these 

results. In particular, Table 9 summarises the eco-efficiency results of the two options. 

Table 9. Eco-efficiency results of BG_H2 and SMR_H2 

Item BG_H2 SMR_ H2 

Without externalities   

EEGWP
 a [(kg H2)2∙(€∙kg CO2 eq)-1] 1.54 4.04·10-2 

EEAP
 b [(kg H2)2∙(€∙kg SO2 eq)-1] 1.92·10-2 2.48·10-2 

EECED
 c [(kg H2)2∙(€∙MJ)-1] 1.10·10-2 2.30·10-3 

With externalities   

EEGWP
 a [(kg H2)2∙(€∙kg CO2 eq)-1] 1.53 3.20·10-2 

EEAP
 b [(kg H2)2∙(€∙kg SO2 eq)-1] 1.89·10-2 1.97·10-2 

EECED
 c [(kg H2)2∙(€∙MJ)-1] 1.08·10-2 1.82·10-3 

a
 EEGWP: eco-efficiency score for the impact category of global warming potential

 

b
 EEAP: eco-efficiency score for the impact category of acidification potential

 

c
 EECED: eco-efficiency score for the impact category of cumulative non-renewable energy demand 

The comparison between the two hydrogen options was performed through the 

ratio of the eco-efficiency scores (Table 9) of the alternative option (BG_H2 with and 

without externalities) to that of the conventional benchmark (SMR_H2 without 

externalities). This ratio, defined as ‘Factor-X’ according to the ecoefficiency standard, 

quantifies the relative level of eco-efficiency improvement or decline. Thus, the Factor-

X was calculated as shown in Equation (12):  

𝐹𝑋𝑘,𝑗 =
𝐸𝐸𝑘,𝑗

𝐸𝐸𝑏𝑒𝑛𝑐ℎ𝑚𝑎𝑟𝑘,𝑗
                                                                                                     (12) 

where FXk,j is the Factor-X associated with the technology k and the impact 

category j. EEk,j is the eco-efficiency score of the technology k for the impact category j 
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hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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(with or without internalisation of externalities), while EEbenchmark,j is the eco-efficiency 

score of the reference system (i.e., SMR_H2 without internalisation of externalities) for 

the impact category j. Overall, Factor-X values higher than 1 indicate an improvement 

in eco-efficiency with respect to the base case. In contrast, Factor-X values lower than 1 

represent a decline in eco-efficiency. Figure 28 shows the results regarding the Factor-X 

calculated according to Equation (12).  

 
Figure 28. Factor-X diagram of BG_H2 and SMR_H2. 

When combining life-cycle economic and environmental aspects, renewable 

hydrogen from the BG_H2 system shows a significantly better performance than 

conventional hydrogen from the SMR_H2 system, especially when the eco-efficiency 

takes into account GWP or CED. In contrast, due to a similar acidification impact and a 

lower LCoH of conventional hydrogen, the eco-efficiency results of SMR_H2 and 

BMH_H2 are similar under this environmental indicator. It should be noted that the 

internalisation of externalities did not significantly affect the interpretation of the eco-

efficiency analysis. In other words, although the integration of externalities led to 

changes in the quantitative results, the main conclusion about which option outperforms 

the other from an eco-efficiency perspective was maintained.  
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Overall, the ISO-based methodological framework developed in this study for 

the eco-efficiency assessment of hydrogen energy systems proved to support and enrich 

decision-making processes by robustly involving and combining environmental and 

economic aspects. A more details about the results are available in Publication 7*. 

2.3.3. Implementing the social dimension 

 As detailed in Section 2.2.3, the social impacts are calculated through the 

multiplication of an activity variable and an intensity variable, cumulated for the life-

cycle stages considered for the analysis. In this respect, according to the methodology 

followed, it is required to quantify the number of working hours per FU (activity 

variable) and the level of risk for the selected social life-cycle indicators in terms of 

medium risk hours “mrh” (or medium opportunity hours “moh”) per working hour 

(intensity variable) for the relevant country-specific sectors involved in the supply chain 

of the product system under analysis. 

2.3.3.1. Formulation and application of the social life-cycle indicators  

Within the framework defined in this thesis, when quantifying the number of 

working hours as the activity term to perform an SLCA, two situations were 

distinguished:  

i. For critical pathways, i.e. activities having particular environmental or economic 

relevance (previously identified through LCA and LCC or those that the 

practitioner considers that play a significant role in the sustainability performance), 

the number of working hours per FU is directly quantified using specific 

information (e.g., real data, industrial reports or specific literature information).  

ii. For the remaining processes involved, the number of working hours per FU is 

indirectly quantified from an economic input (evaluated consistently with the LCC 

previously performed) and using background data from a specific database such as 

PSILCA or Social Hotspots database.  

The number of working hours is then multiplied by the risk level to obtain the 

number of mrh (or moh) per FU for each of the production plants involved in the 
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hydrogen from biomass gasification as an alternative to conventional hydrogen: A life-cycle study with 

and without external costs, Science of the Total Environment, 2019, 650, 1465-1475 
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hydrogen production supply chain. In this respect, the procedure can be mathematically 

expressed in Equation (13): 

𝑆𝑗 = ∑ 𝑊𝑝 · 𝑅𝑗,𝑝

𝑛

𝑝=1

 
  

                           (13) 

In this equation, Sj represents the quantification (in mrh or moh per FU) of the social 

indicator j, and n is the number of plants considered in the product system. Wp reflects 

the activity variable (working hours) specific to the plant p, and Rj,p is the term of 

intensity specific of the social indicator j and the country-specific sector for the plant p. 

The applicability of this procedure was demonstrated for the case studies of 

conventional hydrogen from steam methane reforming (SMR_H2) and renewable 

hydrogen from biomass gasification (BG_H2). The main technical features of the two 

hydrogen production options are presented above in Figure 26 while Figure 29 and 

Figure 30 show the scope defined for the social assessment of BG_H2 and SMR_H2, 

respectively.  

In Figures 29 and 30, each process box can be understood as a separate plant 

involved in the supply chain of each hydrogen option. For each system, those plants 

with a high contribution to the system's economic and environmental performance were 

included in the scope of the social assessment. The methodological approach to the 

quantification of social life-cycle indicators was based on the PSILCA database [25].  

Three social life-cycle indicators were selected to characterise the social life-

cycle performance of the systems. Two of them –total child labour (CL) and gender 

wage gap (GWG)– represent labour market dysfunctions relevant to the stakeholder 

category ‘workers’. The third one refers to health expenditure (HE) and is relevant to 

the stakeholder category ‘society’. These three indicators are among the recommended 

social topics in SLCA [16,48,49], and they are relevant indicators for the countries 

involved in the scope of the hydrogen energy systems under study. Furthermore, they 

are strongly related to key subjects within the United Nations' Sustainable Development 

Goals [23]. 
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Figure 29. Division of the BG_H2 system into plants for the social assessment. (ES: Spain; AT: Austria) 

 

Figure 30. Division of the SMR_H2 system into plants for the social assessment. (ES: Spain; DZ: Algeria; NO: 

Norway; QA: Qatar; NG: Nigeria) 

The quantification of these three indicators was carried out in terms of mrh per 

FU for each specific social issue. In this sense, the higher an indicator is, the worse the 

social performance is under the specific issue addressed. Further details about the 
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implementation of the social life-cycle inventories for the two product systems are 

detailed in Publication 8*. 

Figure 31 shows the comparison of the social performance of both hydrogen 

options for the three life-cycle indicators, as well as the contribution to each social 

impact broken down by plant. Those plants with a relative contribution below 5 % were 

considered within the label “rest”. 

 

Figure 31. Comparison between BG_H2 and SMR_H2 and plant contribution to the social impacts 

Regarding the CL indicator, the unfavourable performance of SMR_H2 was 

found to be associated with the natural gas supplied by Algeria and Nigeria to Spain. 

The natural gas supplied by Algeria was also found to dominate the GWG impact of 
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biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 
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SMR_H2, while its contribution to the HE impact –though significant– was found to be 

lower than that of the natural gas supplied by Qatar and Nigeria. The key role of Algeria 

in the social performance of non-renewable hydrogen is in agreement with previous 

studies [42] dealing with a different technology (hydrogen production through alkaline 

electrolysis powered by the Spanish grid electricity). 

The higher relevance of Algeria in two of the three social impact categories is 

linked to the different risk level observed for the natural gas sector in this country in 

terms of GWG (very high), CL (high), and HE (medium). Regarding BG_H2, the poplar 

cultivation plant and its upstream plants were identified as the main sources of the 

unfavourable performance of this renewable hydrogen option in terms of both GWG 

and HE. This was found to be closely linked to the high demand of biomass for this 

process associated with a lower conversion efficiency with respect to SMR_H2. Overall, 

regarding the identification of impact sources, the findings from the SLCA study show a 

high level of agreement with those from the LCA and LCC studies. In this sense, for 

both hydrogen energy systems, the main source of environmental, economic and social 

impact refers to the life-cycle stage of feedstock production. More details about the 

interpretation of the results for of the SLCA presented in this are detailed in Publication 

8*. 

2.3.3.2. Sustainability interpretation 

The combination of the advances presented in Sections 2.3.1, 2.3.2 and 2.3.3.1 

led to propose the overall LCSA methodological framework for hydrogen energy 

systems (Figure 32). For the purposes of this thesis, “sustainability benchmarking” 

refers to the comparison of a set of environmental, economic and social life-cycle 

indicators of a given hydrogen option against those of the reference system represented 

by conventional hydrogen from steam reforming of natural gas. 

Following the case study of BG_H2 as an alternative hydrogen production 

technology, the joint interpretation of the benchmarking against conventional SMR_H2 

under the sustainability umbrella was performed in line with the methodological 

framework explained. 

                                                 
* Publication 8: Valente A, Iribarren D, Dufour J. Life cycle sustainability assessment of hydrogen from 

biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 
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Figure 32. Methodological framework for the LCSA of hydrogen energy systems 

Figure 33 shows the characterisation of the environmental, economic and social 

life-cycle indicators of BG_H2 in relative terms with respect to the benchmark (i.e., 

SMR_H2). It should be noted that, in order to avoid double-counting effects, 

sustainability life-cycle indicators implicitly involving GWP in their definition (i.e., 

LCoH with externalities and non-renewable energy footprint indicators), were excluded 
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from the joint interpretation. In this spider chart, the points falling within the dashed 

hexagon indicate a better performance of BG_H2 compared to SMR_H2, identifying a 

suitability area of BG_H2 with respect to SMR_H2, while the points outside the hexagon 

indicate a worse performance of the renewable hydrogen option. 

 

Figure 33. Sustainability radar chart benchmarking the environmental, economic and social performance of 

hydrogen from biomass gasification against conventional hydrogen 

From the joint interpretation, it was found that BG_H2 outperforms SMR_H2 for 

three out of six sustainability indicators. In particular, the renewable hydrogen option 

shows significantly better scores than conventional hydrogen in terms of child labour, 

global warming and, to a lesser extent, acidification. In contrast, SMR_H2 involves a 

significantly better performance than BG_H2 in terms of health expenditure, gender 

wage gap, and levelised cost. Overall, these results show that hydrogen from biomass 

gasification cannot yet be unequivocally considered a sustainable alternative to 

conventional hydrogen mainly due to economic and social concerns. Nevertheless, 

improvements in the biomass gasification technology –especially those leading to 



2.   Objectives, methodology, and results and discussion 

 

106 

 

increased technical efficiency and a subsequent decrease in feedstock and labour 

requirements– would significantly enhance the system's performance in each of the 

three common sustainability dimensions. In other words, technological enhancements 

could lead to clearly prioritise of hydrogen from biomass gasification over conventional 

hydrogen from a sustainability standpoint. In this regard, it should be noted that job 

creation should not come at the expense of technical inefficiency. 

Given the lack of decision-makers in the study, at this point of the analysis, the 

calculation of a single sustainability score was not pursued in this thesis, giving 

preference to the joint interpretation of the selected economic, environmental and social 

life-cycle indicators under the umbrella of the sustainability concept. When a final 

decision is required, a tailor-made multi-criteria decision analysis including these and/or 

other sustainability indicators should be developed in accordance with the decision-

makers involved (e.g., policy-makers, plant managers, and/or investors). Further details 

n are available in Publication 8*. 

Overall, the general results described in Section 2.3 have shown the feasibility 

of the methodological advances developed. Regarding the environmental dimension, the 

convenience of using harmonised life-cycle indicators for comparative studies has been 

highlighted. Furthermore, a specific approach for the calculation of economic and social 

life-cycle indicators of hydrogen has been provided. As a result, the interpretation phase 

is enriched under the umbrella of eco-efficiency and sustainability thus enabling a 

thorough decision-making process. 
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biomass gasification: A comparison with conventional hydrogen, International Journal of Hydrogen 
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Overall, all the methodological advances developed in this doctoral thesis are 

concluded to pave the way towards a sound life cycle sustainability assessment 

framework of hydrogen. In particular, the advances of this thesis significantly enhance 

the robustness of comparative life-cycle studies. In this regard, the following additional 

conclusions are drawn: 

 From an environmental perspective, the development of harmonisation protocols 

and libraries of harmonised life-cycle indicators allows the robust comparison of a 

wide range of hydrogen production technologies. In this respect, electrochemical 

hydrogen generally shows a more favourable environmental profile than 

thermochemical and biological hydrogen. Nevertheless, some technical features –

such as the co-production of electricity or energy-intensive goods– may 

significantly improve the performance of thermochemical options, leading to 

environmental profiles better than those of electrochemical hydrogen. 

 The use of harmonised life-cycle indicators allows performing a robust eco-

efficiency assessment of renewable hydrogen versus conventional hydrogen from 

steam methane reforming. Despite the fact that steam methane reforming 

accounted for the lowest levelised cost of hydrogen (2.17 €·kg-1 H2 without 

externalities), renewable hydrogen produced through biomass gasification arose 

as a preferred option to conventional hydrogen under eco-efficiency criteria. 

 The use of harmonised life-cycle indicators in an extended system including 

hydrogen use led to conclude that the use of renewable hydrogen is essential when 

pursuing low system’s carbon and energy footprints. In particular, when exploring 

the role played by hydrogen as a transportation fuel, it is concluded that the choice 

of the hydrogen production pathway (fossil or renewable) has a significant 

influence on the overall life-cycle performance of fuel cell passenger vehicles. 

 Under a full life-cycle sustainability perspective, despite renewable hydrogen is 

an essential requirement for the deployment of a hydrogen economy, social and 

economic issues may offset the environmental advantages linked to renewable 

hydrogen energy systems. In particular, the social performance, in terms of gender 

wage gap and health expenditure concerns, did not allow a straightforward 

identification of biomass gasification as a sustainable solution. In this respect, 

achieving technical maturity of hydrogen production technologies would highly 

alleviate these concerns, potentially attaining an overall sustainable profile. 
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Even though these advances contribute to improving life cycle sustainability 

assessment, further efforts are still required to consolidate the framework, e.g. widening 

the number of life-cycle indicators and reinforcing the applicability of the framework to 

systems beyond hydrogen production. 

Finally, it should be noted that the usefulness of this thesis is further highlighted 

by the fact that it has been the basis for the recommendations given by the International 

Energy Agency – Hydrogen Task 36 “Life Cycle Sustainability Assessment of 

Hydrogen Energy Systems”. 
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Abstract
Purpose As a first step towards a consistent framework for
both individual and comparative life cycle assessment (LCA)
of hydrogen energy systems, this work performs a thorough
literature review on the methodological choices made in LCA
studies of these energy systems. Choices affecting the LCA
stages Bgoal and scope definition^, Blife cycle inventory
analysis^ (LCI) and Blife cycle impact assessment^ (LCIA)
are targeted.
Methods This review considers 97 scientific papers published
until December 2015, in which 509 original case studies of
hydrogen energy systems are found. Based on the hydrogen
production process, these case studies are classified into three
technological categories: thermochemical, electrochemical
and biological. A subdivision based on the scope of the studies
is also applied, thus distinguishing case studies addressing
hydrogen production only, hydrogen production and use in
mobility and hydrogen production and use for power
generation.
Results and discussion Most of the hydrogen energy systems
apply cradle/gate-to-gate boundaries, while cradle/gate-to-
grave boundaries are found mainly for hydrogen use in

mobility. The functional unit is usually mass- or energy-
based for cradle/gate-to-gate studies and travelled distance
for cradle/gate-to-grave studies. Multifunctionality is ad-
dressed mainly through system expansion and, to a lesser
extent, physical allocation. Regarding LCI, scientific literature
and life cycle databases are the main data sources for both
background and foreground processes. Regarding LCIA, the
most common impact categories evaluated are global
warming and energy consumption through the IPCC and
VDImethods, respectively. The remaining indicators are often
evaluated using the CML family methods. The level of agree-
ment of these trends with the available FC-HyGuide guide-
lines for LCA of hydrogen energy systems depends on the
specific methodological aspect considered.
Conclusions This review on LCA of hydrogen energy sys-
tems succeeded in finding relevant trends in methodological
choices, especially regarding the frequent use of system ex-
pansion and secondary data under production-oriented attri-
butional approaches. These trends are expected to facilitate
methodological decision making in future LCA studies of
hydrogen energy systems. Furthermore, this review may pro-
vide a basis for the definition of a methodological framework
to harmonise the LCA results of hydrogen available so far in
the literature.

Keywords Energy system . FC-HyGuide . Hydrogen . Life
cycle assessment .Methodology . Trend

1 Introduction

The global energy demand continues to grow in order to sat-
isfy higher standards of living and allow the world economy to
thrive. Fossil fuels are the dominant source in the current
energy context, and they are expected to supply 80 % of the
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total primary energy demand by 2035. Nevertheless, the use
of renewable sources is set to grow rapidly, and their demand
is forecasted to increase fourfold by 2035 (British Petroleum
2016). In particular, hydrogen could play a significant role in
achieving sustainability targets according to future energy sce-
narios (International Energy Agency 2014).

Hydrogen arises as a carbon-free energy storage option
with high energy content per unit mass (Suleman et al.
2015) and different storage techniques (mainly, compressed,
liquefied or adsorbed in metal hydrides). These features make
hydrogen interesting for decarbonising the energy system
(Marchetti 2005; Dunn 2002; International Energy Agency
2014; Sgobbi et al. 2015). Transport is seen as the key field
of application for hydrogen because of the need for low-
carbon fuels to gradually replace conventional fuels and there-
by minimise life cycle emissions over the supply chain.
Hydrogen produced from fossil resources with CO2 capture,
hydrogen by electrolysis with low-carbon power and hydro-
gen by biogas reforming or biomass gasification are among
the options considered for this shift in transportation fuels
(International Energy Agency 2014, 2015). However, hydro-
gen is currently associated mainly with non-energy applica-
tions such as ammonia production (Simons and Bauer 2011;
Bhandari et al. 2014). In fact, important challenges have to be
faced to make the development of a hydrogen economy fea-
sible, including not only techno-environmental issues but also
concerns about social acceptance (Iribarren et al. 2016) and
cost-competitive roll-out of technological solutions and infra-
structure for distribution and use (Dincer and Acar 2015).
Regarding techno-environmental issues, since hydrogen is
not directly available in its pure form but bound to other ele-
ments, high energy expenditure is needed to separate hydro-
gen. Hence, the environmental and energy performances of
hydrogen energy systems strongly depend on the hydrogen
donor and the energy source for the conversion process
(Serrano et al. 2012; Martín-Gamboa et al. 2016). In this
sense, comprehensive analyses are required in order to evalu-
ate the environmental suitability of hydrogen energy systems.

Because life cycle assessment (LCA) is a well-established
methodology for the comprehensive evaluation of the poten-
tial environmental impacts of product systems, a relatively
high number of LCA studies of hydrogen energy systems
can be found in the scientific literature. Despite international
standardisation of LCA (ISO 2006a, b) and the availability of
both general and specific LCA guidance documents (JRC
2010; Lozanovski et al. 2011; Masoni and Zamagni 2011),
each of the LCA studies of hydrogen energy systems follows
its own methodological choices. This strongly affects the re-
sults of the LCA studies and their final interpretation.
Furthermore, the differences in methodological choices and
other technical parameters prevent a robust comparison of
the results from different studies (Bhandari et al. 2014).
Within this context, this article presents a thorough review

of the methodological choices made in LCA studies of hydro-
gen energy systems. The identification and analysis of trends
and singularities in methodological choices is expected to be
of paramount importance not only for the performance of
future LCA studies of hydrogen energy systems but also for
the future definition of a methodological framework to har-
monise LCA results of this type of product system. This is
deemed possible thanks to the high level of detail attained in
the present review. Hence, this study aims to reveal methodo-
logical differences in LCA of hydrogen energy systems and
pave the way for a more robust and standardised protocol for
both individual and comparative LCA studies. Finally, it
should be noted that this study is conducted within the frame
of Task 36 of the International Energy Agency (IEA)
Hydrogen Implementing Agreement (HIA). The goal of IEA
HIATask 36 is to facilitate decision-making in the hydrogen
energy sector by providing a robust methodological frame-
work based on the life cycle sustainability assessment
(LCSA) of hydrogen energy systems. In this respect, LCSA
(Guinée et al. 2011; Sala et al. 2013) arises as a comprehensive
framework for assessing economic, social and environmental
aspects of hydrogen energy systems.

2 Materials and methods

This work presents a review of LCA studies of hydrogen
energy systems available until December 2015. Only pub-
lished articles (Scopus search; keywords Bhydrogen^ AND
Blife cycle assessment^) and key reference reports released
by well-known research laboratories are taken into account.
All these works include at least the hydrogen production stage
within the system’s boundaries. Studies with a cradle-to-grave
scope as well as studies with a more limited scope are there-
fore included. For the sample of LCA studies, each variation
in technological aspects (e.g. feedstock, energy carrier, and
hydrogen storage technology) or methodological decisions
(e.g. functional unit, system boundaries, reference region,
and allocation approach) defines a new (original) case study
for the purpose of this review. Case studies dealing with
projected scenarios for sensitivity analysis are not considered
to be new case studies. In order to avoid potential distortion of
the observed trends, articles with a very high number of dif-
ferent case studies (>30) are not included in the literature
analysis. Moreover, those case studies considering hydrogen
as a by-product from a background process are excluded
inasmuch as the hydrogen production phase is set as a man-
datory component of the study. When dealing with groups of
articles based on the same hydrogen energy systems with the
same methodological choices and published by the same au-
thors, only the most representative article is taken into consid-
eration. Methodological choices in three of the four LCA
stages are addressed in this review. These stages are goal
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and scope definition, life cycle inventory analysis (LCI), and
life cycle impact assessment (LCIA). The case studies
reviewed are subdivided in terms of system boundaries, func-
tional unit (FU), allocation approach, data sources, impact
categories, and impact assessment method. The trends ob-
served for these issues are contextualised by comparison with
the corresponding recommendations provided by the FC-
HyGuide guidance document for performing LCA on hydro-
gen production systems (Lozanovski et al. 2011).

After the screening of published works, the final sample
includes 97 publications (Tables 1 and 2), in which 509 orig-
inal case studies are identified. Based on the classification
proposed by Dincer (2012) and Dincer and Zamfirescu
(2012), the case studies are divided into three technological
categories: thermochemical, electrochemical and biological
hydrogen production. Regarding the thermochemical catego-
ry, the hydrogen production technologies found are: biomass
or coal gasification, steam reforming of fossil fuels or biofuels,
partial oxidation of fossil hydrocarbons or biofuels, thermal
cracking of fossil hydrocarbons and water splitting based on
thermochemical cycles. The technologies found for the elec-
trochemical category are low- and high-temperature electrol-
ysis. Additionally, water photosplitting and plasma arc de-
composition of natural gas are approached as technologies
belonging to the electrochemical category. Finally, the tech-
nologies found for the biological category are: dark, photo and
two-step fermentation of biomass or microalgae and bio-
photolysis led by microalgae.

Tables 1 and 2 gather the LCA studies of hydrogen energy
systems included in this review and published before and after
the release of the FC-HyGuide guidance document, respec-
tively. The column Bregion and base year^ refers to the spe-
cific geographical coverage and year or period considered in
the study, when reported. In the column Bscopes^, the label
BXtoGate^ is used for the case studies that do not include the
hydrogen use stage (i.e. the Bgrave^) within the system’s
boundaries. In these case studies, BX^ means either the feed-
stock production stage or the production of the energy source
driving the conversion stage, while Bgate^ means hydrogen
production, purification, conditioning or distribution.
Regarding the Bnumber of original H2 case studies^, it should
be noted that, in comparative LCA studies, only the case stud-
ies whose results are not directly taken from previous studies
are considered to be original.

Figure 1 provides further bibliometric details about the
sample of studies reviewed. In this figure, unlike in Tables 1
and 2, Bregion^ refers to the region of the first author’s affil-
iation. The activity trend shown in Fig. 1 is generally consistent
with that provided by Bhandari et al. (2014) in a similar study.
An increasing interest in LCA of hydrogen energy systems
(hydrogen production and/or use) is observed, with more than
60 % of the publications embraced in the period 2011–2015.
Regarding the focus of the study, works focused on hydrogen

production are distinguished from those focused on hydrogen
use in mobility or stationary applications (stationary means
hydrogen-to-power and, to a lesser extent, hydrogen-to-fuel
studies). In this respect, 51 % of the publications deal with
hydrogen production, 39 % with hydrogen use (33 % mobility
and 6 % stationary), and the remaining 10 % with both hydro-
gen production and use. The analysis of the affiliation region
can give an insight into regional differences in the focus of the
study. In this sense, the studies with European or North
American affiliation focus mainly on hydrogen production,
whereas the studies coming from Asia are focused mainly on
hydrogen use for mobility application.

3 Results and discussion

3.1 Goal and scope definition

All the studies included in the review involve an attributional
approach. Hwang (2013) presents the only study of hydrogen
from first-generation biomass evaluating explicitly green-
house gas (GHG) emissions from land use change (using the
GREET model (Wang 1996)), but the study is not stated as a
consequential LCA. In fact, consequential LCAs of hydrogen
energy systems are not yet available in the literature in a num-
ber allowing a specific review. An example of consequential
LCA of hydrogen technology is presented by Chen et al.
(2012a, 2012b), but their work is excluded from this review
since it is focused on a Bhydrogen society^ based on different
hydrogen technologies mutually interacting rather than on a
specific hydrogen-production supply chain.

The first stage of the LCA framework defines key aspects
such as the system’s boundaries and the FU, as well as the
objectives and potential uses of the study. Around 90 % of the
studies reviewed are comparative, with 80 % of them present-
ing robust (i.e. consistent with the methodological framework)
comparisons, mainly because the systems compared come
from the same study. On the other hand, in the remaining
comparative studies, the comparison with the life cycle per-
formance of systems assessed in other studies is not generally
performed using consistent system boundaries.

3.1.1 Functional unit

The FU quantifies the function of the product system and
provides a reference unit. The choice of the FU can strongly
affect the conclusions of the study (especially in comparative
studies) and must be defined in accordance with the goal and
scope of the study. Figure 2 shows the nature (mass, volume,
energy, travelled distance, passenger·distance or economic) of
the FU chosen according to the type of case study under re-
view. Overall, the choice of FU is found to be similarly dis-
tributed between energy, mass and travelled distance. In
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Table 1 List of life cycle studies reviewed: years 1998–2011

Reference Scope Region and base year No. original H2

case studies
H2 production classification H2 use

classification

Wagner et al. (1998) XtoGate Germany (1995/2020) 10 Thermochem., electrochem. –

Weiss et al. (2000) XtoGrave US (2020) 1 Thermochem. Mobility

Spath and Mann (2001) XtoGate Mid-continental US 1 Thermochem. –

Marquevich et al. (2002) XtoGate Europe 5 Thermochem. –

Spath and Amos (2002) XtoGate, XtoGrave US 3 Thermochem. Stationary

Pehnt (2003) XtoGrave Germany (2010) 8 Thermochem., electrochem. Mobility

Winter and Weidner (2003) XtoGate, XtoGrave US, Europe 28 Thermochem., electrochem. Mobility

Khan et al. (2004) XtoGrave Newfoundland 1 Electrochem. Stationary

Koroneos (2004) XtoGate – 5 Electrochem. –

Lunghi et al. (2004) XtoGrave Italy 2 Thermochem. Stationary

Neelis et al. (2004) XtoGate, XtoGrave Netherlands 20 Thermochem., electrochem. –

Spath and Mann (2004) XtoGate Upper Midwest US 1 Electrochem. –

Koroneos et al. (2005) XtoGrave – 5 Electrochem. Mobility

Wang et al. (2005) XtoGrave China 6 Thermochem. Mobility

Granovskii et al. (2006) XtoGate, XtoGrave – 6 Thermochem., electrochem. Mobility

NETL (2006) XtoGate US 5 Thermochem. –

Solli et al. (2006) XtoGate OECD Europe 2 Thermochem. –

Utgikar and Thiesen (2006) XtoGate – 1 Electrochem. –

Utgikar and Ward (2006) XtoGate – 1 Thermochem. –

Wagner et al. (2006) XtoGrave Germany 4 Thermochem., electrochem. Mobility

Wu et al. (2006) XtoGate, XtoGrave US 12 Thermochem., electrochem. Mobility

Zamel and Li (2006) XtoGrave Canada, US 8 Thermochem., electrochem. Mobility

Chang et al. (2007) XtoGate China 11 Thermochem., electrochem. –

Granovskii et al. (2007) XtoGrave – 3 Thermochem., electrochem. Mobility

Koroneos et al. (2008) XtoGate Greece 2 Thermochem., electrochem. –

Manish and Banerjee (2008) XtoGate India 6 Biological –

Djomo et al. (2008) XtoGate UCTE 2 Biological –

Bouvart and Prieur (2009) XtoGate Europe (2010) 6 Thermochem. –

Dufour et al. (2009) XtoGate OECD (2004/2015/2030) 5 Thermochem. –

Lattin and Utgikar (2009) XtoGate US 1 Thermochem. –

Lee et al. (2009) XtoGrave Korea (2009/2015) 6 Thermochem., electrochem. Mobility

Briguglio et al. (2010) XtoGrave Southern Italy 5 Electrochem. Mobility

Dufour et al. (2010) XtoGate Europe (2008/2015/2030) 3 Thermochem. –

Hwang and Chang (2010) XtoGrave Taiwan 4 Thermochem., electrochem. Mobility

Lee et al. (2010) XtoGrave Korea (2015) 2 Electrochem. Mobility

Lubis et al. (2010) XtoGate Canada 1 Thermochem. –

Ochs et al. (2010) XtoGate – 3 Thermochem., biological –

Torchio and Santarelli (2010) XtoGrave Europe (2010/2030) 8 Thermochem. Mobility

Baptista et al. (2011) XtoGrave UK (2008/2020) 2 Thermochem. Mobility

Boyano et al. (2011) XtoGate – 1 Thermochem. –

Heracleous (2011) XtoGrave EU-27 (2020) 3 Thermochem. Mobility

Lombardi et al. (2011) XtoGate Italy 3 Thermochem., electrochem. –

Djomo and Blumberga (2011) XtoGate Europe 3 Biological –

Ozbilen et al. (2011) XtoGate Canada 3 Thermochem. –

Simons and Bauer (2011) XtoGate Europe (2005/2035) 15 Thermochem., electrochem. –

Smitkova et al. (2011) XtoGate – 4 Thermochem. –
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Table 2 List of life cycle studies reviewed: years 2012–2015

Reference Scope Region and base year No. original
H2 case studies

H2 production classification H2 use
classification

Cetinkaya et al. (2012) XtoGate Canada 5 Thermochem., electrochem. –

Dufour et al. (2012) XtoGate Europe 10 Thermochem., electrochem. –

Giraldi et al. (2012) XtoGate Mexico 4 Thermochem. –

Hacatoglu et al.
(2012)

XtoGate,
XtoGrave

Canada 2 Thermochem. Mobility

Kalinci et al. (2012) XtoGrave – 2 Thermochem. Mobility

Lucas et al. (2012) XtoGrave Portugal (2010) 2 Thermochem., electrochem. Mobility

Ozbilen et al. (2012a) XtoGate Canada 1 Thermochem. –

Ozbilen et al. (2012b) XtoGate Canada 12 Thermochem. –

Rosner and Wagner
(2012)

XtoGate Germany 3 Biological –

Shen et al. (2012) XtoGrave China (2010/2020) 6 Thermochem., electrochem. Mobility

Tock and Maréchal
(2012)

XtoGate,
XtoGrave

Switzerland 9 Thermochem. Stationary

Wulf and Kaltschmitt
(2012)

XtoGate Germany 6 Thermochem., electrochem. –

Bartolozzi et al.
(2013)

XtoGrave Italy 4 Thermochem., electrochem. Mobility

Biswas et al. (2013) XtoGrave Western Australia 4 Thermochem., electrochem. Mobility

Ferreira et al. (2013) XtoGate Portugal 3 Biological –

Hajjaji et al. (2013) XtoGate France 8 Thermochem. –

Hwang (2013) XtoGrave Taiwan 12 Thermochem., electrochem. Mobility

Lucas et al. (2013) XtoGrave Portugal, France, US 6 Thermochem., electrochem. Mobility

Moreno and Dufour
(2013)

XtoGate Spain 4 Thermochem. –

Patyk et al. (2013) XtoGate Europe (2010–2015) 6 Thermochem., electrochem. –

Ramos Pereira and
Coelho (2013)

XtoGate,
XtoGrave

Portugal 28 Thermochem., electrochem. Mobility

García Sánchez et al.
(2013)

XtoGrave Spain
(2008/2009/2010/2030)

2 Thermochem., electrochem. Mobility

Sevencan and
Çiftcioglu (2013)

XtoGrave – 6 Electrochem. Stationary

Susmozas et al. (2013) XtoGate – 2 Thermochem. –

Wang et al. (2013) XtoGrave China (2009/2020) 5 Thermochem., electrochem. Mobility

Weinberg and
Kaltschmitt (2013)

XtoGrave Germany (2010/2030) 1 Thermochem. Mobility

Wulf and Kaltschmitt
(2013)

XtoGate Germany 6 Thermochem., electrochem. –

Hajjaji (2014) XtoGate – 1 Thermochem. –

Iribarren et al. (2014) XtoGate – 1 Thermochem. –

Mori et al. (2014) XtoGrave – 1 Electrochem. Stationary

Muresan et al. (2014) XtoGate – 8 Thermochem. –

Patterson et al. (2014) XtoGate,
XtoGrave

UK 14 Thermochem., electrochem. Mobility

Ramos Pereira et al.
(2014)

XtoGrave Portugal 8 Thermochem., electrochem. Mobility

Petrescu et al. (2014) XtoGate Romania (2020) 3 Thermochem. –

Ahmadi and Kjeang
(2015)

XtoGrave British Columbia, Alberta,
Ontario, Quebec

12 Thermochem., electrochem. Mobility

Authayanun et al.
(2015)

XtoGrave Thailand 2 Thermochem. Stationary

Bauer et al. (2015) XtoGrave Europe (2012/2030) 7 Thermochem., electrochem. Mobility

Galera and Gutiérrez
Ortiz (2015)

XtoGate – 1 Thermochem. –

Giraldi et al. (2015) XtoGate – 1 Electrochem. –
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hydrogen production case studies (XtoGate), the common
choice is an FU that allows a direct identification of an amount
of hydrogen. It should be noted that a small percentage of case
studies which use an energy FU do not present a clear state-
ment about the energy content (lower or higher heating value),
while case studies using a volume FU always specify

appropriately pressure and temperature conditions (necessary
to convert volume into mass or energy). Economic FUs play a
minor role, accounting for only four case studies presented in
the same article (Pacheco et al. 2015). Moreover, in that work,
the authors do not use exclusively an economic FU, but they
present a comparison showing how the choice of economic,

Table 2 (continued)

Reference Scope Region and base year No. original
H2 case studies

H2 production classification H2 use
classification

Koj et al. (2015) XtoGate Spain 3 Electrochem. –

Oliveira et al. (2015) XtoGrave Belgium,
UCTE (2011/2004)

4 Electrochem. Stationary

Pacheco et al. (2015) XtoGate Portugal (2012) 12 Biological –

Reiter and Lindorfer
(2015)

XtoGate,
XtoGrave

EU-27 (2014) 8 Thermochem., electrochem. Stationary

Simons and Bauer
(2015)

XtoGrave Switzerland, Europe
(2010/2020)

6 Thermochem., electrochem. Mobility

Suleman et al. (2015) XtoGate – 6 Thermochem., electrochem. –

Susmozas et al. (2015) XtoGate Europe 2 Thermochem. –

Tong et al. (2015) XtoGrave US 3 Thermochem. Mobility

Valente et al. (2015) XtoGate,
XtoGrave

Italy 2 Electrochem. Stationary

Verma and Kumar
(2015)

XtoGate Western Canada 2 Thermochem. –

Walker et al. (2015) XtoGrave Ontario 3 Electrochem. Mobility

Miotti et al. (2016)a XtoGrave Europe (2015/2030
optimised/2030 conservative)

3 Thermochem., electrochem. Mobility

a Study available online in 2015 despite final publication in 2016

Fig. 1 Overview of the sample of
publications reviewed
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mass or energy FU, combined with different allocation ap-
proaches, influences the final interpretation of the results in a
biological multifunctional system. Input-oriented FUs are
used in a minor number of case studies related to a multifunc-
tional system using an FU based on the energy content of the
feedstock (Tock and Maréchal 2012).

According to the FC-HyGuide guidance document, the FU
of hydrogen production systems should be defined as Ba cer-
tain amount of hydrogen produced^ and complemented with
information on energy content or thermodynamic conditions.
In this respect, the FU trends observed for this type of system
are in line with FC-HyGuide recommendations.

Regarding the case studies involving hydrogen use in sta-
tionary applications, all authors use an energy FU consistent
with the function of the target systems (energy production).
Regarding the case studies addressing mobility applications,
the most common FU choice is Btravelled distance^, being
Bpassenger·distance^ a less used FU. Ramos Pereira et al.
(2014) show the effect of changing the FU (Bkm travelled^
and Bpassenger·km^) in an XtoGrave study for the aviation
sector. Three case studies use the exergy content of hydrogen
as FU (Granovskii et al. 2007); these case studies are embed-
ded in the energy-FU category in Fig. 2. Finally, the case
studies that use an energy FU for mobility refer to the energy
content of hydrogen.

3.1.2 System boundaries

In this review, the inclusion of the hydrogen production
stage—in which the hydrogen donor (green or fossil) is con-
verted into high-purity hydrogen—is set as a mandatory com-
ponent within the system’s boundaries of each case study. The
energy source drives this conversion stage, which is based on
electrochemical, thermochemical, biochemical, radiochemical

or photochemical technology (Dincer 2012; Dincer and
Zamfirescu 2012). Only processes belonging to the thermo-
chemical, electrochemical and biological categories are found
in this review.

Figure 3 shows the number of case studies broken down by
specific stages within the system’s boundaries, also showing
technological choices and inclusion of capital goods (i.e.
goods such as machinery, equipment and buildings) at each
stage. Based on FC-HyGuide, the stages considered in this
figure are: hydrogen production, purification, storage, distri-
bution and use. The end-of-life stage of hydrogen energy sys-
tems is currently underdeveloped, which is being currently
faced within the framework of an international project funded
by the Fuel Cells and Hydrogen Joint Undertaking
(HYTECHCYCLING project, Grant Agreement No.
700190). The number of XtoGrave case studies corresponds
to the number of cases that include hydrogen use (226), while
the resultant number of XtoGate case studies is 283 (the dif-
ference between the total number of case studies [509] and the
number of XtoGrave case studies [226]). Among the studies
focused on hydrogen production, the production stage is con-
sidered the final Bgate^ in 16 % of them, mainly in cases of
hydrogen produced through thermochemical cycles and elec-
trolysis. Nevertheless, the purification step is found to be the
most common final gate (36 % of the XtoGate case studies),
mainly in cases of hydrogen production through thermochem-
ical and biological processes. Electrochemical XtoGate cases,
in contrast, mainly consider the conditioning stage (compres-
sion, liquefaction or solid storage in metal hydrides) as the
final gate (79 % of those cases). An additional stage that can
be considered in XtoGate case studies is hydrogen distribu-
tion. A significant number of XtoGate case studies assume
this option as the final gate (29 %). However, this is linked
to Bwell-to-wheels^ (i.e. cradle-to-grave) studies in which the

Fig. 2 Choice of functional unit
according to the type of case
study
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overall boundaries are subdivided into Bwell-to-tank^ (i.e.
cradle-to-gate; considered XtoGate herein) and Btank-to-
wheels^ (i.e. gate-to-grave).

Regarding the hydrogen production stage (found in all
cases, i.e. 509 case studies), the most assessed process in the
thermochemical category is steam reforming (SR; 54 % of the
thermochemical case studies, and 30 % of the total number of
case studies). This is closely linked to the fact that most of the
studies are comparative and usually take conventional SR of
natural gas (steam methane reforming, SMR) as the reference
technology. Apart from SR, the most studied thermochemical
technologies are gasification and thermochemical cycles.
These processes are found in 26 and 15% of the thermochem-
ical case studies, respectively (15 and 9 % of the total amount
of case studies). Partial oxidation, thermal cracking and auto-
catalytic decomposition complete the variety of thermochem-
ical technologies found. It should also be noted that, in the
thermochemical category, 10 % of the case studies consider
CO2 capture (37 % of them in coal gasification, 30 % in
biomass gasification, 26 % in SMR and 7 % in natural gas
splitting by chemical looping). The electrochemical category
is clearly dominated by water electrolysis (mainly alkaline
and, in a lower number of cases, high-temperature, high-
pressure and proton exchange membrane electrolysis). Only
three and two case studies deal with plasma arc decomposition
of methane (Wagner et al. 1998; Pehnt 2003) and water
photosplitting (Dufour et al. 2012) respectively. In the biolog-
ical category, 90 % of the case studies are based on fermenta-
tion (photo and dark sequentially, photo only or dark only) and
10 % on bio-photolysis (carried out by microalgae).

Regarding the purification stage (found in 289 case stud-
ies), most of the case studies consider pressure swing adsorp-
tion (PSA), which is the conventional process used in the
thermochemical category (SR and gasification, mainly) to
meet the H2-purity requirement. In electrochemical technolo-
gy, purity higher than 99.9 % can be achieved without a puri-
fication step. Pd membrane and deoxygenation processes are
other purification technologies found in the review. The
former is considered by Chang et al. (2007) after SR while
the latter is added to the electrolysis step in order to reach H2

purity above 99.999 % (Lombardi et al. 2011). These two
purification processes are included in the category Bother^ in
Fig. 3, together with those cases for which the separation
process is not clearly specified (actually, the unspecified cases
are found to dominate the category Bother^).

Storage (found in 329 case studies) can take place after and/
or before the distribution stage (when included). In those case
studies including both storage and distribution steps, only a
small percentage of the cases (13%) apply storage both before
and after distribution, with the remaining cases showing sim-
ilar contributions between storage before or after distribution.
The labels Badsorbed^ (in metal hydrides), Bliquefied^ and
Bcompressed^ (gas) in Fig. 3 refer to the final state of the
hydrogen. The most common choice is compressed hydrogen.
The pressures assumed are within the range 80–880 bar for
mobility use and 8–70 bar for hydrogen production. When
compared to liquid and compressed hydrogen, capital goods
(white dots in Fig. 3) are more often included for hydrogen
stored in the solid matrix of metal hydrides. Several authors
present studies evaluating the differences in impacts and en-
ergy consumption when considering alternative storage op-
tions (Wagner et al. 1998; Chang et al. 2007; Hwang and
Chang 2010; Ramos Pereira and Coelho 2013; Sevencan
and Çiftcioglu 2013; Muresan et al. 2014; Tong et al. 2015).

Regarding the distribution stage (found in 298 case stud-
ies), transportation by lorry (in liquid or compressed gas state)
and pipeline distribution show significant contribution per-
centages in Fig. 3. Hydrogen distribution is classified as Bnot
needed^ for all the cases involving stationary applications as
well as when hydrogen is produced directly in the refuelling
station.

Proton exchange membrane fuel cell (PEMFC) technology
is the most common option in hydrogen use, for both mobility
and energy production. In mobility applications, hydrogen as
a fuel in vehicles with internal combustion engine is consid-
ered in less than 10% of the case studies. Regarding stationary
application, 3 out of 27 cases use hydrogen for methanation
via the Sabatier reaction (Reiter and Lindorfer 2015), while
the remaining cases (24) address power production: 2 cases
using molten-carbonate fuel cell technology (Lunghi et al.

Fig. 3 Technical choices
according to the life cycle stage
(white dots represent case studies
that include capital goods)
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2004), 15 using PEMFC technology, and 7 using a gas
turbine. Pehnt (2003) also considers solid oxide fuel cells
but without using hydrogen as the fuel.

Key aspects determining the life cycle performance of hy-
drogen production systems are the source of energy driving
the hydrogen production process and the raw material that
contains hydrogen (Serrano et al. 2012; Susmozas et al.
2016). On the one hand, since the electrochemical category
is widely dominated by case studies of water electrolysis, the
environmental performance of this type of system strongly
depends on the energy source. On the other hand, the perfor-
mance of biological and thermochemical technologies (except
for thermochemical cycles) depends mainly on the hydrogen
donor. Figure 4 shows the choice of power source in electro-
chemical case studies and the choice of hydrogen donor in
thermochemical and biological case studies.

Most of the electrochemical case studies (60 %) are based
on renewable sources. Nevertheless, a significant percentage
of non-renewable sources is observed (40 %), mainly because
most of the studies carry out comparisons between renewable
and non-renewable hydrogen energy systems. Electricity
(grid) mixes are considered herein Bnon-renewable^ regard-
less of the share of renewables in the grid mix. In Fig. 4, the
label Bsolar^ involves electrolysis via solar photovoltaics (PV)
or solar thermal power and water photosplitting, as well as two
case studies with a mix of wind and solar PV power as the
energy source. The label Bcogeneration^ involves electricity
from coal or natural gas. The cases of high-temperature elec-
trolysis are based on nuclear energy, occasionally supported
by renewable electricity. Regarding the cases based on wind
power, a distinction between on- and off-shore is not possible
since this aspect is often unspecified. The high percentage
found for grid electricity is partly due to the common consid-
eration of electrolysis driven by electricity from a given re-
gional mix as a reference process.

Regarding the hydrogen donor for thermochemical pro-
cesses (Fig. 4), natural gas is found to be the most common
one. This observation matches the expectations since SMR is
currently the conventional process to produce hydrogen and
most of the studies are comparative and use SMR as the

reference case. Moreover, natural gas is the hydrogen donor
not only in SMR but also in other thermochemical processes
such as partial oxidation, autothermal reforming and catalytic
decomposition. Regarding Bgreen^ hydrogen donors, 10 % of
the thermochemical case studies are based on biofuel
reforming. These biofuels come from the previous processing
of different feedstocks: energy plantations (44 %), by-
products from other product systems (36 %) and municipal
waste (20 %). The secondmost common thermochemical pro-
cess is gasification, which uses as solid feedstock mainly
second-generation biomass (54 %) and coal (40 %). CO2 cap-
ture is included in 25 % of the case studies based on
gasification.

The thermochemical case studies using exclusively wa-
ter as the hydrogen donor (16 %) are based on thermo-
chemical cycles. In this process, which takes place at
temperatures significantly lower than those for water
thermolysis (single-step process), water is thermally dis-
sociated in H2 and O2 through different reaction steps.
The reactants are regenerated and recycled at the end of
the cycle, and no membrane is needed to separate H2 and
O2. More than 50 % of these case studies are hybrid
thermochemical cycles (i.e. requiring external electricity),
mainly Cu–Cl-based cycles (3-, 4- or 5-step cycle). In a
significant percentage of case studies based on thermo-
chemical cycles (13 %), the type of cycle is not stated.
Concerning the energy source, the thermochemical cycles
found are based on nuclear power (86 %) and, to a lesser
extent, concentrated solar power (14 %).

The last pie diagram in Fig. 4 provides information
about hydrogen donors considered in biological case stud-
ies. The biological technologies considered are fermenta-
tion (photo, 51 %; dark, 19 %; two-stage, 30 %) and bio-
photolysis. Microalgae and first- and second-generation
biomass are the hydrogen donors found in the processes
based on fermentation, while water is the source of hy-
drogen in bio-photolysis. In particular, most of the cases
based on fermentation use microalgae as the feedstock,
with a minor number of cases using residual organic ma-
terial as the feedstock (e.g. wheat straw or potato peels).

Fig. 4 Choice of power source
and hydrogen donor for different
case studies
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Other general observations regarding system boundaries
are: (i) the inclusion of feedstock extraction/production is a
common choice in thermochemical processes based on
reforming and gasification, whereas capital goods are often
excluded; (ii) electrochemical and thermochemical systems
based on nuclear energy often include capital goods for the
nuclear plant, as well as the extraction/conversion/enrichment
of uranium; (iii) power generation and capital goods are com-
monly included in the boundaries for electrochemical case
studies based on renewable sources; (iv) a common choice
for case studies addressing the use of hydrogen in mobility
is the inclusion of capital goods and end-of-life for the vehicle,
while capital goods linked to the fuel before use are included
in a lower percentage of cases; and (v) in line with FC-
HyGuide, system boundaries consistent with the goal of the
study are found for all studies.

3.1.3 Multifunctionality

This section deals with choices on allocation rules for those
case studies based onmultifunctional systems. Approximately
19 % of the total amount of case studies are considered mul-
tifunctional. Even though thermochemical processes involve
69 % of these cases, the technological category mainly affect-
ed by multifunctionality is the biological one (50 % of the
biological cases are multifunctional), followed by the thermo-
chemical (23 %) and electrochemical (8 %) ones. The co- and
by-products considered in the multifunctional case studies are
mainly electricity (40 %), food and fodder (34 %), heat (22 %)
and fuels (4%). CO2 capture is often included in the evaluated
systems, but in all these cases, no impact is allocated to the
CO2 captured, and therefore, these systems are not considered
multifunctional. Additionally, a significant percentage of the
multifunctional case studies (37 %) present the results for the
whole system (i.e. without application of any allocation ap-
proach) or do not specify clearly the allocation approach; for
the remaining case studies (63 %), the choices to deal with
multifunctionality are summarised in Fig. 5.

Case studies presenting multifunctionality in two different
stages (Manish and Banerjee 2008; Galera and Gutiérrez Ortiz
2015; Giraldi et al. 2015) are double counted in Fig. 5. System
expansion is found in half of the cases with multifunctionality
at the hydrogen production stage. In these systems, electricity
or heat co-production is usually found. When allocation is not
avoided but applied, the choice of energy or exergy allocation
at the production stage is the most common choice. The use of
other allocation approaches (mainly, mass and economic allo-
cation) is found when multifunctionality appears before hy-
drogen production, namely at the stage of feedstock (key hy-
drogen carrier) production or energy carrier (driving energy)
production. It should be noted that most of the case studies
applying exergy allocation are presented in a single study
(Neelis et al. 2004). Besides this study, exergy allocation is

applied only in one additional article (Wulf and Kaltschmitt
2013). The latter represents also one of the few studies that
carry out a sensitivity analysis on different allocation
approaches.

Allocation at the hydrogen use stage is not generally re-
quired. It is found only in a case study addressing power gen-
eration with distinction between peak and off-peak electricity
(Valente et al. 2015). On the other hand, the case studies with
multifunctionality at the feedstock production level are based
on first/second generation biomass (71 %) or microalgae
(29 %). In these cases, the additional products are other mar-
ketable materials such as industrial wood or fodder (76 %),
biofuels (19 %) and heat (5 %). Finally, the case studies with
multi-functionality at the energy production stage are based
mainly on non-renewable sources (63 %) rather than on re-
newable sources (37%). In these cases, the additional products
are electricity (33 %), marketable materials such as sulphur
and carbon black (32 %), heat (28 %), or other fuels (7 %).

The general trend observed means a high level of agree-
ment with FC-HyGuide recommendations. The hierarchy pre-
sented in ISO 14044 (ISO 2006b), the ILCD Handbook (JRC
2010) and the FC-HyGuide guidance document (Lozanovski
et al. 2011) is generally satisfied. Overall, system expansion is
mainly applied (48 %), with allocation based on physical
(39 %) and economic (13 %) relationships showing a lower
presence.

3.2 Life cycle inventory analysis

The origin, as well as the quality, of the data necessary in the
LCI phase affects significantly the reliability of the assess-
ment. As underlined in the FC-HyGuide guidance document
(Lozanovski et al. 2011), the selection of inputs to and outputs
from the system shall be as representative as possible. This
applies to the whole system at both foreground (processes
under the influence of the central decision maker) and back-
ground (processes beyond the influence of the central decision
maker) levels. Data Quality Rating (DQR) can be performed
considering aspects such as data representativeness (techno-
logical, geographical and time-related), completeness, preci-
sion and consistency (JRC 2010). In this review, data quality
is not addressed since in many publications, the authors dis-
regard this aspect, thus preventing the identification of trends
in data quality (trends other than the lack of information in this
regard). Moreover, below 30 % of the publications include
uncertainty analysis concerning relevant inventory data. In
contrast, the information collected regarding data sources is
appropriate for the evaluation of trends.

Figure 6 shows the origin of the main data for each stage
within the system’s boundaries, with no distinctions between
primary/secondary data. The label Breal data^ means direct
measurements in plants on both industrial and laboratory scale
as well as data coming from official statements for region- and
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year-specific electricity/gas/waste mixes. The label Bnon-sci-
entific literature^ refers mainly to data from industrial
datasheets and reports from non-scientific institutions. This
type of data source plays a role mainly at the hydrogen use
stage because data specification frommanufacturers is usually
available for PEMFC and vehicle inventories. Reports from
research institutes and laboratories are considered as
Bscientific literature^ along with published articles, hand-
books and doctoral theses. Data from simulation and calcula-
tion are included under the same label. The storage stage
shows a significant use of this type of data owing to calcula-
tions of energy for compression and liquefaction. Personal or
confidential communications, rough assumptions and esti-
mates are included in the category Bother .̂

On the one hand, LCA databases (e.g. ecoinvent, GaBi and
GREET model databases) and scientific literature are highly

used for both foreground and background processes in order
to fill data gaps from hydrogen production to distribution and
use. Since hydrogen economy is not yet well established in the
current context, there is a lack in primary data for foreground
technological processes. The selection of database depends on
several factors such as regional context and LCA software.
The use of the GREET model (Wang 1996) is partly respon-
sible for the significant use of databases not only for back-
ground processes but also for foreground processes.

On the other hand, the use of real data and simulation/
calculation data is reduced and involves primary activity data
for foreground processes. Figure 6 shows that real data are
mainly available for processes related to energy carriers and
feedstock production. In particular, the highest use of real data
is found for the production of energy carriers due to the use of
specific grid mixes in electrochemical case studies. Real data

Fig. 5 Choice of allocation
approach at different stages

Fig. 6 Use of data sources at
different stages
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found at the hydrogen production and donor production steps
involve mainly measurements on the laboratory scale in bio-
logical case studies. Finally, it should be noted that a low
number of case studies do not specify the stage affected by
the data source or do not report clearly the origin of the data.

3.3 Life cycle impact assessment

Choices regarding the selection of life cycle indicators and
LCIA methods for environmental characterisation are
discussed in this section. Normalisation and weighting are
not addressed since only 17 % of the studies consider these
optional steps (studies using mainly Eco-indicator methods).
Figure 7 shows the life cycle indicators most commonly se-
lected by the authors (viz., global warming, acidification, en-
ergy consumption, eutrophication, ozone layer depletion, pho-
tochemical oxidant formation, abiotic depletion, human tox-
icity, land use and human health). This set of indicators covers
80 % of the total number of indicator occurrences in the pub-
lications reviewed. Since the choice of both life cycle indica-
tors and LCIA methods is generally homogeneous for the
different case studies within a publication, Fig. 7 is based on
the choices by single publication. Figure 7 also shows the type
of method used to quantify each indicator, distinguishing the
family to which the method belongs but without distinction
between versions. Even though this section is limited to envi-
ronmental categories, it should be noted that only 15 % of the
studies include also social and/or economic indicators in the
analysis.

The total number of occurrences found for each indicator—
dashed line in Fig. 7—is provided by the secondary axis of the
figure. Global warming (i1) is visibly the most common indi-
cator addressed by the authors. Regarding this indicator, IPCC
methods are the most common choice to characterise life cycle

GHG emissions. Two types of study are considered under the
BIPCC^ label: studies using the single-issue IPCC method,
and studies applying the IPCC characterisation factors to a
limited set of emissions (typically, CO2, N2O and CH4) with-
out resorting to specific LCIA methods. Although the remain-
ing LCIA methods usually apply IPCC characterisation fac-
tors to evaluate the global warming potential, they are classi-
fied separately in the Bi1^ bar of Fig. 7. A significant percent-
age of studies (ca. 10 %) do not specify clearly the method
used to evaluate global warming.

The indicators on life cycle energy consumption are
subdivided into the categories most commonly addressed in
the studies: total energy (i3), fossil energy (i7) and non-
renewable energy (i8). Regarding these indicators, only stud-
ies addressing life cycle energy consumption for both fore-
ground and background processes are considered in Fig. 7.
Similarly to global warming, these indicators are significantly
affected by studies that do not report explicitly the LCIA
method applied. Concerning other indicators, it should be not-
ed that Bi11^ includes only land use and land competition
indicators (but not land use change). Finally, human health
(i12) is found to be the most commonly assessed damage
indicator, mainly using Eco-indicator methods.

Apart from the use of IPCC and VDI methods for the eval-
uation of global warming and cumulative energy demand
(CED), respectively, CML is visibly the most commonly used
family of methods. Even though some studies do not state
clearly the specific version used, the CML 2001 version is
found to be the most applied one. The use of CML methods
is observed mainly in the European context. The general
trends observed in Fig. 7 in terms of impact assessment
methods are generally consistent with FC-HyGuide provi-
sions, which recommend the use of CML impact methods
(Lozanovski et al. 2011). In terms of impact categories, FC-

Fig. 7 Choice of life cycle
indicators and LCIA method. i1:
global warming; i2: acidification;
i3: energy consumption (total); i4:
eutrophication; i5: ozone layer
depletion; i6: photochemical
oxidant formation; i7: energy
consumption (fossil); i8: energy
consumption (non-renewable); i9:
abiotic depletion; i10: human
toxicity; i11: land use; i12: human
health (damage category)
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HyGuide provisions recommend the use of global warming,
acidification, eutrophication, photochemical ozone creation
potential, primary energy demand (renewable and non-
renewable) and further categories such as land use and ozone
depletion. These categories are in line with those most com-
monly found in the literature review.

LCIA results in terms of quantified impacts are not covered
in this work. This is due not only to the focus on methodolog-
ical choices but mainly to the inappropriateness of mixing
results from a high number of LCA studies with different
(and therefore inconsistent) methodological frameworks
(Susmozas et al. 2015). In this sense, an appropriate review
of LCIA results requires the definition of a harmonisation
protocol to provide consistent and comparable life cycle im-
pacts that help identify the most favourable systems. The pres-
ent review of methodological choices in LCA studies of hy-
drogen energy systems serves as a starting point for the defi-
nition and application of such a protocol for harmonised im-
pacts, which is currently under development.

3.4 Agreement with FC-HyGuide provisions

Table 3 summarises the level of accordance of the observed
trends with a selected set of recommendations from the FC-
HyGuide guidance document (Lozanovski et al. 2011). In this
sense, the objective is not to address all FC-HyGuide provi-
sions but to contextualise the trends identified in this review
with the corresponding set of FC-HyGuide recommendations
dealing with the same methodological issues. In Table 3, a
very high level of agreement means that at least 90 % of the
case studies are consistent with the FC-HyGuide recommen-
dations for a given topic, while lower percentages mean high
(60–90 %), intermediate (40–60 %), low (10–40 %) and very
low (≤10 %) level of agreement. Overall, the goal and scope
definition and LCIA stages show the highest level of accor-
dance, unlike the remaining stages (product system informa-
tion and LCI).

When comparing the levels of agreement before and after
the release of the FC-HyGuide guidance document, a slight
favourable increase in providing technical details of the prod-
uct system is generally seen, but not yet enough to conclude an
overall satisfactory level of agreement regarding product sys-
tem information. On the other hand, concerning goal and
scope definition, a significantly satisfactory level of agreement
is generally found both before and, especially, after FC-
HyGuide, despite an opposite trend of agreement (from Bvery
high^ to Bhigh^) regarding the application of approaches to
deal with multifunctional systems. In contrast, a favourable
trend towards agreement is found for comparative studies re-
garding consistency in the methodological framework.

Concerning LCI, the lack of information on data quality
and the limited use of primary data for foreground process-
es—issues that go against FC-HyGuide provisions—are seen

both before and after the release of the FC-HyGuide guidance
document. When filling data gaps with secondary data, an
increase in the use of LCA databases rather than other sources
is found when comparing the studies before and after FC-
HyGuide. While information regarding data sources is usually
provided (except for the specific version of the LCA databases
used), a not negligible percentage of studies do not state the
name and/or version of the LCA software used.

Finally, regarding LCIA, a general increase in the level of
agreement between the trends observed and the corresponding
FC-HyGuide provisions is observed when comparing the
studies before and after FC-HyGuide. Nevertheless, while a
satisfactory level of agreement is seen for the selection of the
assessment method, a less satisfactory level is found for the
selection of impact categories other than global warming. This
is closely linked to the high number of studies addressing a
reduced number of impact categories or even only one impact
category (viz., global warming, due to the relevance of climate
change in terms of sustainability concerns and energy policy).

4 Conclusions

Trends in methodological choices in LCA studies of hydrogen
energy systems were identified and discussed through a com-
plete literature review. Methodological and technological as-
pects were linked via subdivision of the hydrogen production
processes in three technological categories: thermochemical,
electrochemical and biological. The hydrogen production pro-
cesses most commonly considered were found to be based on:
steam reforming and gasification within the thermochemical
category, electrolysis within the electrochemical category and
fermentation within the biological category. Furthermore,
second-generation biomass was found to be the most common
Bgreen^ hydrogen donor in the thermochemical category,
while solar and wind power were identified as the most com-
mon energy sources in the electrochemical category. When
hydrogen use is included, PEMFC is the most common tech-
nology addressed both in mobility and stationary applications.

Regarding methodological choices in the goal and
scope stage, a slight dominance of XtoGate over
XtoGrave studies was detected. XtoGrave studies use hy-
drogen predominantly for mobility. In XtoGate case stud-
ies, the most common steps considered as the final gate
within the system’s boundaries are hydrogen purification
and hydrogen distribution (to the refuelling station). The
FU is commonly based on physical properties when ad-
dressing hydrogen production. In XtoGate case studies,
the choice of FU is similarly distributed between mass
and energy FU regardless of the specific technological
category. The case studies addressing the use of hydrogen
in mobility and power generation usually apply travelled
distance and energy as FU, respectively. When dealing
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with multi-functional systems (typically involving energy
co-products such as heat and electricity), system expan-
sion is commonly applied at the hydrogen-production
stage. When allocation is applied, it is usually based on
energy values. Nevertheless, when multi-functionality
arises before the hydrogen-production step (i.e. at the
feedstock or energy carrier production step), mass and
economic allocation approaches, along with system ex-
pansion, are the most common choices.

Concerning methodological choices in the LCI stage, a
general failure in providing information on data quality was
found. On the other hand, information on data sources is usu-
ally reported. In this respect, a high use of data from LCA
databases and scientific literature was found for both fore-
ground and background processes through the different stages
of the system.

Regarding methodological choices in the LCIA stage,
global warming was the most addressed impact category,

Table 3 Agreement between trends observed and FC-HyGuide provisions

Topic Recommendations from FC-HyGuide Level of agreementa

Before FC-HyGuideb After FC-HyGuidec

Product system information State hydrogen purity Low Low

State hydrogen pressure Intermediate High

State hydrogen temperature Very low Low

State hydrogen production capacity Low Intermediate

Goal and scope definition Unambiguously define the goal of the study Very high Very high

Show the chosen system boundary in a flow chart High Very high

Use Bproduction of a certain amount of hydrogen^ as
the functional unitd

Very high Very high

Use an attributional modelling approach in LCA studies Very high Very high

Use the ISO hierarchy for solving multifunctional
processes

Very high High

The system boundary shall be consistent with the
goal of the study

Very high Very high

In comparative studies, use the same rules for system
boundaries definition

Intermediate High

In comparative studies, methodological and data
assumptions shall be analogous

Intermediate High

In comparative studies, harmonise FUs Very high Very high

In comparative studies, harmonise LCIA High High

Life cycle inventory analysis Define the data quality requirements according to the
goal and scope

Very low Very low

Define foreground and background processes taken
into account

Intermediate High

Use primary data for the foreground system Low Low

Fill data gaps with secondary data High High

Life cycle impact assessmente Use midpoint categories for studies on hydrogen
production

High Very high

Use the Global Warming Potential impact category High Very high

Use the Acidification Potential impact category Low Intermediate

Use the Eutrophication Potential impact category Low Intermediate

Use the Photochemical Ozone Creation Potential
impact category

Low Low

Use renewable/non-renewable Primary Energy
Demand categories

Low Intermediate

Use the CML methods if no other method is more
appropriate

Intermediate High

a Level of agreement: very low, ≤ 10 % of the case studies; low, 10–40 %; intermediate, 40–60 %; high, 60–90 %; very high, ≥ 90 %
b Based on 46 publications (237 case studies) between the years 1998 and 2011
c Based on 51 publications (272 case studies) between the years 2012 and 2015
d Only for XtoGate case studies
e Based on number of studies (instead of case studies)
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followed distantly by acidification, eutrophication, ozone lay-
er depletion and photochemical oxidant formation. Energy
consumption is also widely addressed, but not always from
an actual life cycle perspective. Besides the use of IPCC and
VDI methods for the evaluation of global warming and energy
demand, respectively, the most commonly applied methods
belong to the CML family.

The evaluation of the level of agreement between the trends
observed in this review and the recommendations given by the
FC-HyGuide guidance document led to identify goal and
scope definition and LCIA as the stages with the highest level
of accordance, in contrast to the LCI stage. By comparing the
studies before and after the release of the FC-HyGuide guid-
ance document, a moving trend towards agreement with FC-
HyGuide provisions was found mainly for product system
information and LCIA choices. However, further efforts
should still be made in future studies to provide information
enhancing their traceability (e.g. stating clearly the key fea-
tures of the additional products and providing results split by
subsystem). In fact, lack of full traceability of the studies is
seen as a key aspect affecting the articles reviewed (and LCA
studies in general).

Regarding future research, the high level of detail attained
in this review may facilitate its use as a valuable support to
make more robust methodological choices in future LCA
studies of hydrogen energy systems. Furthermore, this review
constitutes a starting point for the harmonisation of the LCA
results of hydrogen available so far in the literature, thus com-
pleting the set of information and trends provided in this work.
Finally, further efforts should be made in order to move from
LCA of hydrogen energy systems to LCSA of these systems.
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Further information on Figure 2: “Choice of functional unit (FU) according to the type of case study” 

Energy FU 
 Hydrogen production 
  Thermochemical:  [1,7,15-17,21,23,25,28,50,53,57,66,67,73,77,80,88] 
  Electrochemical:  [1,7,9,15,21,23,25,66,67,73,88,94] 
  Biological:  [43,55,61,87] 
 Hydrogen use 
  Mobility:  [15,24,50,51,64] 
  Stationary:   [5,10,57,69,76,86,88,89,94] 

Mass FU 
 Hydrogen production 
  Thermochemical:  [3-5,11,19,30,36,37,40,42,44-47,49,54,58,62,63,70,83,91,92,95] 
  Electrochemical:  [11,12,18,42,45,47,58,63,84,85,91] 
  Biological:  [26,27,37,87] 
 Hydrogen use 
  Mobility:   none 
  Stationary:  none 

Volume FU 
 Hydrogen production 
  Thermochemical:  [29,43,48,65,75] 
  Electrochemical:  [48] 
  Biological:  none 
 Hydrogen use 
  Mobility:   none 
  Stationary:  none 

Economic FU 
 Hydrogen production 
  Thermochemical: none 
  Electrochemical:  none 
  Biological:  [87] 
 Hydrogen use 
  Mobility:  none 
  Stationary:  none 

Travelled distance FU 
 Hydrogen production 
  Thermochemical: none 
  Electrochemical: none 
  Biological: none 
 Hydrogen use 

Mobility: [6,7,11,13,14,20-22,34,35,38,39,41,52,56,60,63,67,68,71,72,79,81,82,90,93,96] 
  Stationary: none 

Passengers·distance FU 
 Hydrogen production 
  Thermochemical:  [78] 
  Electrochemical:  [78] 
  Biological:   none 
 Hydrogen use 
  Mobility:  [32,78,79,97] 
  Stationary:  none 
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Further information on Figure 3: “Technical choices according to the life-cycle stage” 

Hydrogen production 
 Thermochemical:  (See Table 1 and Table 2 Column “H2 production classification” in the manuscript) 
 Electrochemical:  (See Table 1 and Table 2 Column “H2 production classification” in the manuscript) 

Biological:  (See Table 1 and Table 2 Column “H2 production classification” in the manuscript) 

Hydrogen purification 
PSA:  [1,3-7,10,11,14-17,20-26,28,29,33,34,37-43,45,46,48,51,52,56-59,62-68,70-75,77,79-83,89-93,95,97] 
Other:  [23,42,85] 

Hydrogen storage 
 Adsorbed: [11,34,69,94] 

Liquefied: [6,7,11,13,20,23,25,39,51,67,79,93] 
Compressed: [1,2,5-8,11,12,14,15,21-24,31,32,38,39,41-43,45,47,48,50,52,56,58-60,63,64,66-69,71,72,78,80-

82,86,90,93,95-97] 

Hydrogen distribution 
Pipeline:  [1,6,11,21-23,39,41,45,56,58,64,80,93,95] 
Lorry:  [6,14,15,20,23,24,34,38,39,45,47,50,52,59,60,67,68,72,78,79,93] 
Not needed: [2,5,7,11,13,14,21,31,32,34,35,38,45,52,56-58,63,64,67-69,71,76,82,86,88-90,93,94,96,97] 

Hydrogen use 
 Mobility: (See Table 1 and Table 2 Column “H2 use classification” in the manuscript) 
 Stationary: (See Table 1 and Table 2 Column “H2 use classification” in the manuscript) 
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Further information on Figure 4: “Choice of power source and hydrogen donor for different case studies” 

Power source for electrochemical case studies 
 Solar:  [1,9,13,15,20,24,34,42,45,47,48,63,67,69,78,79,82,86,88,90,91] 
 Wind:  [1,7-9,11-13,15,20,24,31,32,35,47,48,59,60,66,67,69,78,79,82,85,86,88,91,97] 
 Hydro:  [1,9,13,42,45,79,94] 
 Biomass: [9,13,25,59,73] 
 Grid:  [1,7,23,31,32,34,35,45,48,52,56,58-60,63,64,67,68,71,78,81,82,86,88,90,96,97] 
 Cogeneration: [11,22,45,71,91] 
 Nuclear:  [1,18,21,22,45,66,71,82,84] 
 Renewable: [6,58,76] 

Hydrogen donor for thermochemical case studies 
 Water:  [5,17,19,21,30,36,44-50,53,54,56,81] 
 1G biomass: [4,25,58,62,63,73,89,92] 
 2G biomass: [7,10,20,34,37,41,45,51,57-59,62,65,67,70,72-75,77,82,83,90,92] 

Natural gas: [1-4,6,7,10,11,14-17,20-24,28,29,31,33,37-42,45,47,48,52,56,58,60,62-64,66-68,70,71,78-
82,88,90,91,93,97] 

 Coal:  [14,16,23,28,45-47,56,58,63,67,77,82,90,95] 
 Oil:  [4,14,31,88] 

Hydrogen donor for biological case studies 
 Water:  [55] 
 1G biomass: [26] 
 2G biomass: [27,43] 
 Microalgae: [61,87] 
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Further information on Figure 5: “Choice of allocation approach at different stages” 

System expansion 
 Feedstock/energy carrier production: [4,26,62] 
 Hydrogen production:   [3,5,6,26,43,46,47,58,75,95] 
 Hydrogen use:    none 

Energy allocation 
 Feedstock/energy carrier production: [84,92] 
 Hydrogen production:   [28,84,94] 
 Hydrogen use:    [94] 

Economic allocation 
 Feedstock/energy carrier production:  [65,83,87] 
 Hydrogen production:   [70,83] 
 Hydrogen use:     none 

Mass allocation 
 Feedstock/energy carrier production: [4,58,73,87] 
 Hydrogen production:   none 
 Hydrogen use:    none 

Volume allocation 
 Feedstock/energy carrier production: [73] 
 Hydrogen production:   none 
 Hydrogen use:    none 

Exergy allocation 
 Feedstock/energy carrier production: [73] 
 Hydrogen production:   [11] 
 Hydrogen use:    none 
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Further information on Figure 6: “Use of data sources at different stages” 

Real data 
 Hydrogen donor production: [7,58,61,87] 
 Energy carrier:   [15,24,32,34,35,47,52,56,64,67,71,73,78,81,94,96] 
 Hydrogen production:  [11,31,55,61,66,76,87] 
 Hydrogen storage:  [76] 
 Hydrogen distribution:  [47] 
 Hydrogen use:   [76] 

Simulation/calculation 
 Hydrogen donor production: [49,80] 
 Energy carrier:   [58,59,69,96] 
 Hydrogen production:  [5,29,33,36,37,40,46,59,62,66,70,74,76,77,80,83,89,92] 
 Hydrogen storage:  [6,7,11,15,24,32,38,47,51,58,66,67,76,78,80,94] 
 Hydrogen distribution:  [11,47,80] 
 Hydrogen use:   [2,5,31,57,76,79,82,89] 

LCA database 
Hydrogen donor production: [4,7,10,17,21-23,28,29,31,33,34,36,37,40-42,45,46,48,49,54,57,58,62,63,65-68,70-73, 

77-79,81,88,92,93] 
Energy carrier: [7,9,13,17,21-23,27,32,34,42,45,48,52,56,58,60,63,66-68,71,73,76,78,79,81,85,86, 

88,91,94,97] 
 Hydrogen production:  [4,5,7,9,13,21-23,25,34,37,41,42,56,63,65-68,71,73,78,79,81,88,89,93,96] 
 Hydrogen storage:  [9,13,21-23,25,41,56,63,64,71,79,81,93,96] 
 Hydrogen distribution:  [21-23,41,56,63,64,67,68,71,78,79,81,93] 
 Hydrogen use:   [15,21,24,32,34,39,63,68,78,81,93] 

Scientific literature 
Hydrogen donor production: [1-7,10,11,14-17,19-21,24,25,27,28,30,36-39,41,43,44,46-48,50-54,58-60,62-

64,68,70,72-75,80,82,83,90,92,93,95,97] 
 Energy carrier:   [1,6-8,11,15,18,20-22,24,25,27,31,34,35,42,45-48,59,60,68,69,82,84,85,90,91] 

Hydrogen production: [1-4,6,8,10,11,14-20,24-28,30-33,35-39,41-46,48-54,57-60,62,64,65,69,70,72-
75,82,84,85,90,91,93-95,97] 

 Hydrogen storage:  [2,8,11,14,20,39,41,45,47,48,50,52,59,60,68,69,72,82,86,90,94,95,97] 
 Hydrogen distribution:  [14,20,39,41,45,47,50-52,58-60,72] 
 Hydrogen use:   [6,8,10,11,14,22,32,39,50-52,57,59,60,67,69,71,72,78,79,82,88-90,93,94,96,97] 

Non-scientific literature 
 Hydrogen donor production: [10,21,23,26,44,58,62,63,65] 
 Energy carrier:   [6,11,12,21,31,47,49,59,60,63,78] 
 Hydrogen production:  [6,12,18,42,44,47,58,66,86,93,94] 
 Hydrogen storage:  [31,34,35,97] 
 Hydrogen distribution:  [6,15,24,31,34,38,45,52,68,95] 
 Hydrogen use:   [6,7,13,20,34,35,38,41,56,60,63,64,67,68,81,86,90,94] 

Other 
 Hydrogen donor production: [2,4,27,43,89,95] 
 Energy carrier:   none 
 Hydrogen production:  [12,47,64,76,95] 
 Hydrogen storage:  [1,2,12,52,76] 
 Hydrogen distribution:  [1] 
 Hydrogen use:   [76] 
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Further information on Figure 7: “Choice of life-cycle indicators and LCIA method” 

Global warming 
IPCC:  [3-8,12,15,16,24,26,28,31,35,41,45,48-52,56-58,64,68,72,81,82,84,90,92-95] 
CML:  [17,32,36,44,53-55,59,62,65,70,73-77,80,83,88,89,91] 
Eco-indicator: [9,10,13,25,29,33,37,42,78] 
ReCiPe:  [66,78,86,97] 
GREET:  [21-23,34,39,63,67,71,79,96] 
IMPACT2002+: [27,43] 

Acidification 
CML:  [6,17,32,36,44,53-55,59,62,65,70,72-77,80,83,89,91,92,94] 
Eco-indicator: [9,10,13,25,29,33,42] 
ReCiPe:  [66,82,86,90,97] 

Energy consumption (total) 
Eco-indicator: [10] 
VDI:  [20,41,52,55,64-66,70,83,84,87,88,92,94] 
GREET:  [15,21-24,34,39,56,63,67,68,71,79,96] 

Eutrophication 
CML:  [6,17,32,36,44,53-55,59,62,65,70,74-77,80,83,89,91,92,94] 
Eco-indicator: [9,13,25,29,33,42] 
ReCiPe:  [66] 

Ozone layer depletion 
CML:  [32,36,44,53,54,59,62,70,74,75,80,83,89,91,92,94] 
Eco-indicator: [9,12,13,33,37,42] 
ReCiPe:  [66,84,86] 

Photochemical oxidant formation 
CML:  [32,36,54,59,70,74,75,80,83,89,91,92,94] 
Eco-indicator: [9,13,29,33,42] 
ReCiPe:  [66,82,86,90,97] 

Energy consumption (fossil) 
CML:  [80,83] 
Eco-indicator: [37,38,78] 
ReCiPe:  [78,84,86] 
VDI:  [41,59,66,72,73] 
GREET:  [21] 

Energy consumption (non-renewable) 
VDI:  [1,6,20,45,48,70,74,75,92,94] 
IMPACT2002+: [27,43] 

Abiotic depletion 
CML:  [32,36,54,59,62,70,74,76,83,89,91,92,94] 

Human toxicity 
CML:  [17,32,59,62,77,80,89,91] 
ReCiPe:  [66,78,82,84,86,90,97] 

Land use 
CML:  [70,74,75,92,94] 
Eco-indicator: [37] 
ReCiPe:  [86] 

Human health (damage category) 
Eco-indicator: [10,32,42,46,69] 
IMPACT2002+: [27,43] 
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a b s t r a c t

An increasing number of studies addressing the Life Cycle Assessment (LCA) of hydrogen energy systems
is found in the scientific literature. Most of these studies are comparative and show significant differ-
ences in terms of methodological choices. These differences significantly affect the results of the LCA
studies and hamper their robust interpretation, especially when comparing results from different
studies. Hence, harmonisation of the results under a consistent methodological framework is needed.
This article defines a protocol for the harmonisation of the life-cycle global warming impact of hydrogen.
Furthermore, the protocol is applied to renewable hydrogen based on a thorough literature survey of
relevant LCA case studies classified by hydrogen-production technological category: thermochemical,
electrochemical, and biological. In this sense, the two main outcomes of the study are the harmonisation
protocol and the initial library of harmonised carbon footprints of renewable hydrogen for 71 case
studies. Key methodological choices subject to harmonisation include (i) attributional approach, (ii)
functional unit, (iii) system boundaries, and (iv) multifunctionality approach. Harmonisation is found to
affect more significantly the thermochemical and biological categories than the electrochemical one.
Nevertheless, risk of misinterpretation is found and exemplified in every technological category. The
sources of potential misinterpretation are found to be usually linked to inconsistencies in terms of system
boundaries (e.g., hydrogen compression) and, when applicable, multifunctionality approaches. Future
LCA practitioners are highly recommended to use the proposed protocol to provide, along with their own
results, the harmonised global warming impact of hydrogen in order to enhance current and future result
interpretation when comparisons are made.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fossil fuels are still the predominant resource used to fulfil the
increasing energy demand of the growing world population. This
trend is socially, economically and environmentally unsustainable.
For instance, without strict actions coming from policy- and
decision-makers, the energy-related greenhouse gas (GHG)

emissions are expected to grow more than twofold by 2050 (IEA,
2015). In this respect, one of the main goals emphasised in the
21st session of the Conference of the Parties is to reduce GHG
emissions in order to limit global warming to 2 �C above the pre-
industrial global average temperature (UNFCCC, 2015). The decar-
bonisation of fuels eand, in general, of the energy sectore plays a
key role in achieving this goal (IEA, 2015). In particular, hydrogen
ea carbon-free molecule with the highest energy content per mass
unite is seen as a key energy carrier in future low-carbon scenarios
(Marchetti, 2005), which involves the development of a hydrogen
economy (Barreto et al., 2003). In this sense, hydrogen technologies
play a significant role in the strategic energy plan of Europe
(European Commission, 2016). Nevertheless, the path towards a
well-established hydrogen economy is currently conditioned by the
cost-competitive roll-out of suitable infrastructure for widespread
H2 distribution and other issues such as social acceptance (Iribarren
et al., 2016). Moreover, because hydrogen is not directly available in
pure form but bound to other atoms, its environmental suitability
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tional unit; GHG, greenhouse gas; GWP, global warming potential; HE, hydropower
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depends strongly on the hydrogen donor (feedstock) and the en-
ergy source driving the conversion process to separate hydrogen
from the donor (Serrano et al., 2012). Nowadays, over 95% of
hydrogen is produced from fossil fuels, mainly by steam reforming
of natural gas (steam methane reforming, SMR) (Dufour et al.,
2009). Within this context, in order to reduce the environmental
impact of hydrogen, its production has to be led by low-impact
feedstocks and renewable energy sources (Dincer and Acar, 2015).

The main methodology for the holistic evaluation of the po-
tential environmental impacts of hydrogen energy systems is Life
Cycle Assessment, LCA (ISO, 2006a). Although LCA is a standardised
methodology, and despite the availability of both general
(European Commission, 2010) and H2-specific (Lozanovski et al.,
2011) LCA guidelines, deep differences are found regarding meth-
odological choices in LCA studies of hydrogen energy systems (e.g.,
system boundaries, functional unit, allocation approach, etc.). This
may strongly affect the results and conclusions of the studies
(Bhandari et al., 2014), which is not exclusive to hydrogen systems
(Ingwersen and Stevenson, 2012), especially when the studies are
comparative. This situation is highlighted in a previous review on
methodological choices in LCA of hydrogen energy systems
(Valente et al., 2017), also stressing the need for a consistent
framework to harmonise the life-cycle impacts of this type of en-
ergy system. This article deals with the definition of such a har-
monisation protocol for the life-cycle global warming impact
potential (GWP) of hydrogen, i.e. for the evaluation of the carbon
footprint of hydrogen. Moreover, the feasibility of the protocol is
shown by harmonising the GWP of renewable hydrogen based on a
literature review of LCA studies of renewable hydrogen energy
systems.

2. Material and methods

The main goal of this work is to formulate and apply a harmo-
nisation protocol for the GWP of hydrogen. The starting point for
the preparation of the protocol is given by LCA standards, the
available literature review on LCA of hydrogen energy systems
(Valente et al., 2017), and the FC-HyGuide guidance document on
hydrogen production systems (Lozanovski et al., 2011). According
to ISO (2006b), the four interrelated stages of an LCA study are:

- Goal and scope definition. The objectives and applications of the
study are defined, as well as its assumptions and limitations, the
method selected to characterise the impact categories chosen,

the context of the study, the target audience, the functional unit
(FU), the reference flow, and the boundaries of the product
system. Moreover, when the system performs more than one
function, a Life Cycle Inventory (LCI) modelling approach is set.
Possible LCI modelling approaches include subdivision, system
expansion (avoided burdens associated with the co-functions),
and allocation (distribution of inputs and outputs between the
functions of the system).

- LCI analysis. Both input and output data for the material and
energy flows of the product system are quantified.

- Life Cycle Impact Assessment (LCIA). The inputs and outputs of
the LCI are translated into impact potentials such as GWP
through their conversion and aggregation according to the
procedure and the factors specified by the selected LCIAmethod.

- Interpretation. It occurs through all steps of the study, thus
making conclusions and recommendations as reliable as
possible.

The protocol presented in this article (Section 2.2) is developed
to provide consistent GWP results of hydrogen by harmonising key
methodological choices (FU, system boundaries, multifunctionality
approach, etc.) based on a set of assumptions (Section 2.1) well
supported by the available guidelines (Lozanovski et al., 2011) and
scientific literature (Valente et al., 2017). The protocol is conceived
as a tool for LCA practitioners willing to perform consistent
benchmarking and comparative studies focused on hydrogen pro-
duction. The feasibility and practicality of the protocol is proven
through its application (Section 3) to a detailed sample of renew-
able hydrogen production systems found through a thorough
literature survey (Section 2.3). It is important to note that this
quantitative analysis (Section 3) should not be understood as a
correction of the results found in the original case studies, but as a
source of new, harmonised GWP results coming from a consistent
framework facilitating sound comparisons between different
hydrogen-oriented case studies. In this sense, the novelty of the
study focuses on both the provision of a well-defined harmo-
nisation protocol and the initial building of a library of harmonised
carbon footprints of hydrogen.

2.1. Key assumptions

GWP is the only life-cycle impact category considered in this
harmonisation study. Besides being one of the most relevant
impact categories for policy- and decision-makers, it is the only one

Fig. 1. Simplified diagram for harmonised hydrogen energy systems.
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quantified in almost all LCA studies of hydrogen energy systems
(Valente et al., 2017). The number of studies addressing other
impact categories does not facilitate the definition of protocols with
the same degree of robustness due to aweaker basis supporting the
assumptions made in the protocol.

The protocol is designed for application at the level of case
studies. While all case studies present a common purpose (high-
purity hydrogen production), each variation in technological as-
pects (e.g., feedstock, operating conditions, etc.) defines a new case
study for the purpose of this article. In other words, the techno-
logical aspects (other than hydrogen compression) defined by the
authors of each case study (e.g., lifetime of the plant, hydrogen
production capacity, etc.) are not affected by the protocol, which
deals only with methodological choices in LCA of hydrogen energy
systems (Valente et al., 2017). The methodological aspects
harmonised by the protocol include: attributional approach, FU,
system boundaries (including capital goods), and multi-
functionality approach. Fig. 1 shows the general foreground struc-
ture of a harmonised hydrogen energy system. Since the focus of
this work is placed on hydrogen production, the boundaries of the
system are defined according to a cradle-to-gate approach covering
up to the hydrogen compression stage and excluding further
downstream stages such as hydrogen distribution and use. Capital
goods (i.e., goods such as machinery, equipment and buildings) are
included within the boundaries of the harmonised system. The
main subsystems shown in Fig. 1 are consistent with the provisions
found in the FC-HyGuide guidance document (Lozanovski et al.,
2011), which provides specific recommendations for LCA studies
of hydrogen technologies.

With regard to multifunctional systems, when the main func-
tion is the production of hydrogen (or its energy-related use),
system expansion is set as the approach to follow in the harmo-
nisation procedure. This choice is in agreement with LCA standards
(ISO, 2006b), the FC-HyGuide guidance document (Lozanovski
et al., 2011), and the literature review on LCA of hydrogen energy
systems (Valente et al., 2017). On the other hand, when hydrogen
production is not the actual leading function of the system
(hydrogen as a by-product), an allocation approach based on the
economic value of the products/functions is set, which is supported
by the abovementioned literature review (Valente et al., 2017).

In order to enhance the comparability of the hydrogen products
coming from different case studies, the same final conditions in
terms of purity, pressure and temperature are defined. In this
respect, case studies with hydrogen purity below 99% are not
subject to harmonisation. The compression technique is harmon-
ised by assuming the same final hydrogen pressure (20 MPa), a
three-stage intercooled compression at 25 �C according to Zhang
et al. (2014), and 75% efficiency. This technique is considered to
lead to more realistic estimates of the electricity for compression
than isothermal compression (often considered in the literature)
(Valente et al., 2017).

2.2. Harmonisation protocol

Fig. 2 shows the decision diagram designed for the harmo-
nisation process. In the first block of the diagram, choices about
general modelling approach, LCIA method and system boundaries
are tackled. An attributional modelling approach is followed, and

Fig. 2. Decision diagram of the harmonisation protocol.
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the LCIAmethod for GWP calculation is based on IPCC factors with a
horizon of 100 years and applied at least to CO2, N2O and CH4 (e.g.,
IPCC GWP 100a, CML-family methods, etc.). These choices on
general modelling approach and LCIA method are in line with both
the provisions of the FC-HyGuide guidance document (Lozanovski
et al., 2011) and the methodological trends identified in previous
studies (Valente et al., 2017). Case studies with a consequential
approach and not providing enough information to translate the
results into an attributional approach are deemed non-
harmonisable. Regarding system boundaries, a cradle-to-gate
approach is considered, covering from the production of the feed-
stock/driving energy up to hydrogen compression (Fig. 1). At the
end of the first block of the decision diagram, the GWP value refers
to the stage immediately before hydrogen compression. The addi-
tion of the compression stage is addressed later in the last block of
the diagram. It should be noted the importance of knowing the
GWP of the electricity considered in each case study, which is
needed to recalculate the compression stage with uniform as-
sumptions. In order to foster the applicability of the protocol,
Table 1 provides default GWP values for different types of elec-
tricity, estimated using foreground data from international data-
bases (World Bank, 2016) and background data from the ecoinvent
database 2.2 (Frischknecht et al., 2007) for implementation in
SimaPro 8 (Goedkoop et al., 2016).

In the second block, the FU is harmonised to 1 kg of hydrogen
produced. For those case studies using an FU related to the energy
content of hydrogen but not reporting the type of heating value, the
lower heating value (LHV) is assumed as the default type (Valente

et al., 2017).
The third block deals with the multifunctionality approach. The

stages in which multifunctionality takes place (feedstock produc-
tion, energy carrier production and/or hydrogen production) are
identified following a subsystem perspective showing how the
carbon footprint evolves through the different stages of the system
and allowing (when needed) the redistribution of the impact be-
tween the functions according to the common approach explained
in Section 2.1. In order to undo the original allocation approach (if
not consistent with the protocol) and apply the multifunctionality
approach set in the protocol, the contribution of each subsystem to
GWP and the amount of each product coming from the subsystem
need to be quantified.

The final block completes the definition of the system’s
boundaries. The compression step is added, which means the only
technological aspect subject to harmonisation. The final pressure
and temperature of hydrogen are set at 20 MPa and 25 �C,
respectively. In order to calculate the energy needed for the
compression stage, the initial pressure (i.e., the pressure before the
compression stage) is also required. For those case studies in which
the initial pressure is not specified, Table 2 provides default values
of initial hydrogen pressure (based on scientific literature) and the
subsequent electrical work for compression up to 20 MPa theo-
retically calculated for each specific technology (Zhang et al., 2014).
When calculating the GWP of the compression step, the selection of
the electricity source has to be consistent with the choice of the
authors (default values available in Table 1). Finally, the capital
goods associated with the different stages of the system are
included (if not already done) since they may present a significant
contribution to the impact, especially in renewable systems. Table 3
provides default GWP values for capital goods according to the type
of plant, based on data from the ecoinvent database 2.2
(Frischknecht et al., 2007).

It should be noted that the default values in Tables 1e3 are
provided in order to increase the applicability of the protocol. In
this sense, the uncertainty of the harmonised GWP results will be
affected not only by the assumptions made in the protocol but also
by the use of default values (when used). Nevertheless, the use of
default values is expected mainly when revisiting other authors’
LCA studies of hydrogen energy systems, but not when performing
own case studies by future LCA practitioners willing to apply the
harmonisation protocol (in this situation, case-specific data are
expected to be available).

2.3. Sample of case studies subject to harmonisation

The feasibility of the protocol is proven later in Section 3
through its application to a sample of LCA case studies of renew-
able hydrogen. The sample is retrieved from a broader review of
LCA studies of hydrogen energy systems available until April 2016,
taking into account only published articles (Scopus search; key-
words “hydrogen” AND “life cycle assessment”) and key reference
reports released by well-known research laboratories. This means
65 studies involving 139 original case studies of renewable

Table 1
Default values of GWP for electricity production.

Criterion Region or source g CO2 eq$kWh�1

Macro-regiona North Europe 104
Rest of Europe 524
Central and South America 294
United States 670
Canada 241
China and India 1015
Rest of the world 612

Non-renewable sourceb Coal (hard coal, technology mix) 1079
Natural gas (technology mix) 650
Oil (technology mix) 886
Nuclear (technology mix) 8

Renewable source Wind (technology mix) 11b

Photovoltaic (technology mix) 72b

Hydropower (technology mix) 10b

Biomass 109c

Geothermal 6d

Concentrated solar 27e

a Based on electricity production mixes from the World Bank (2016) and power
generation technologies in ecoinvent 2.2 (Dones et al., 2007).

b Based on power generation technologies with international scope (coal/natural
gas/oil/nuclear: UCTE; wind/hydro: Europe; photovoltaic: global) (Dones et al.,
2007).

c Based on Gonz�alez-García et al. (2012).
d Based on Martín-Gamboa et al. (2015).
e Non-hybrid systems. Average value according to Klein and Rubin (2013).

Table 2
Default values of initial hydrogen pressure (P1) and electrical work for compression up to P2 ¼ 20 MPa. PEM: proton exchange membrane; SOEC: solid oxide electrolyser cell.

Technology P1 (MPa) Reference for P1 Work (kWhe$kg�1 H2)

Electrolysis (advanced alkaline, PEM) 2.0 Bhandari et al. (2014) 1.18
High-temperature electrolysis (SOEC) 0.2 Patyk et al. (2013) 2.65
High-pressure electrolysis 3.0 Bensmann et al. (2013); Roy et al. (2006); Subramani et al. (2015) 0.96
S-I thermochemical cycle 4.0 Russ and Buckingham (2009) 0.80
Pressure swing adsorption (PSA) 2.2 Gupta (2009); Susmozas et al. (2013, 2015) 1.13
Other (assume standard conditions) 0.1 Assumption 3.16
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hydrogen to be harmonised.
When following the harmonisation protocol (Fig. 2), 68 of the

case studies (i.e., near half of the sample) are found to be non-
harmonisable. This relatively high number of non-harmonisable
case studies shows the general concern on the lack of full infor-
mation when reporting LCA studies (Valente et al., 2017). The

specific reasons leading to this concern are: (i) GWP not reported
stage by stage for 36 case studies in which the final stage is not
hydrogen production/purification; (ii) impossibility of applying
system expansion in 12 case studies due to unspecified amounts of
products; (iii) lack of information to convert the original FU to 1 kg
of hydrogen produced in 9 case studies involving hydrogen use; (iv)
impossibility of applying system expansion in 6 case studies due to
unfeasible allocation undoing at the subsystem level; and (v)
impossibility of applying economic allocation in 5 case studies due
to unfeasible allocation undoing.

Therefore, 71 case studies of renewable hydrogen (coming from
36 different studies) are finally subject to quantitative harmo-
nisation. Tables 4e6 present the harmonisable case studies classi-
fied according to the hydrogen-production technological category
(Valente et al., 2017): thermochemical (Table 4), electrochemical
(Table 5), and biological (Table 6). Furthermore, Fig. 3 summarises
the hydrogen-production methods involved in the harmonisable
case studies.

In the thermochemical category, most of the harmonisable case
studies imply reforming of biofuels. This technology converts hy-
drocarbons into a hydrogen-rich gas by oxidising the carbon con-
tained in the feedstock (Hajjaji et al., 2013). In steam reforming
(endothermic process), the oxidation of the carbon contained in the
feedstock is performed by water, while oxygen below stoichio-
metric ratio is used in partial oxidation (POX, exothermic process).
Alternatively, autothermal reforming involves steam reforming of
the biofuel with the heat demand satisfied by partial oxidation of
the feedstock. The syngas resulting from the reforming processes
undergoes the water-gas-shift reaction in order to increase

Table 3
Default values of GWP for capital goods according to the type of plant.

Stage Type GWP

Hydrogen production and
conditioning

Electrochemical plant 3.30$10�2 kg CO2

eq$kg�1 H2

Rest of plants (biol./
thermochem.)

7.10$10�2 kg CO2

eq$kg�1 H2

Feedstock production Tap water 1.00$10�4 kg CO2

eq$kg�1 feedstock
From mining (solid) 6.10$10�3 kg CO2

eq$kg�1 feedstock
From mining (gas) 2.80$10�2 kg CO2

eq$kg�1 feedstock
From cultivation (wet) 1.90$10�3 kg CO2

eq$kg�1 feedstock
Rest of plants 7.10$10�2 kg CO2

eq$kg�1 feedstock
Electricity production From grid mix 5.10$10�3 kg CO2

eq$kWhe
�1

Fossil plant 1.14$10�2 kg CO2

eq$kWhe
�1

Nuclear plant 2.90$10�3 kg CO2

eq$kWhe
�1

Renewable plant 2.29$10�2 kg CO2

eq$kWhe
�1

Table 4
Harmonisable case studies of renewable hydrogen within the thermochemical category.

Reference Code Hydrogen production process FU Multifunctionality System’s final
stagea

Spath and Mann (2001) SMR1 Steam reforming of natural gasb Mass System expansion (steam) H2 purification
Dufour et al. (2012) TCC1 NiFe2O thermochemical 2-step-cycle (heat from solar reactor) Volume e H2 purification
Dufour et al. (2012) TCC2 ZnO thermochemical 2-step-cycle (heat from solar reactor) Volume e H2 purification
Hajjaji et al. (2013) SBR1 Bioethanol reforming (wheat grains) Mass System expansion (animal fodder) H2 purification
Marquevich et al. (2002) SBR2 Bio-oil reforming (rape-seed oil) Mass System expansion (colza cake) H2 purification
Marquevich et al. (2002) SBR3 Bio-oil reforming (palm oil) Mass System expansion (empty fruit

bunches)
H2 purification

Authayanun et al. (2015) SBR4 Bioethanol (56%) þ CH4 (44%) reforming (cassava) Energy e H2 use
Authayanun et al. (2015) SBR5 Bioethanol reforming (cassava) Energy e H2 use
Hajjaji et al. (2013) SBR6 Autothermal reforming of bioethanol (wheat grains) Mass System expansion (animal fodder) H2 purification
Hajjaji et al. (2013) SBR7 Autothermal reforming of biomethane (cattle manure) Mass e H2 purification
Wulf and Kaltschmitt (2013) SBR8 Biomethane reforming (non-food biowaste) Energy e H2 purification
Wulf and Kaltschmitt (2013) SBR9 Biomethane reforming (German substrate mix) Energy e H2 purification
Hajjaji et al. (2016) SBR10 Biogas reforming (farm waste) Mass System expansion (digestate) H2 purification
Hajjaji et al. (2013) SBR11 Biomethane reforming (cattle manure) Mass e H2 purification
Heracleous (2011) SBR12 Autothermal reforming of bio-oil (from fast pyrolysis of wood

chips)
Distance e H2 use

Heracleous (2011) SBR13 Autothermal reforming of bio-oil (from fast pyrolysis of
willow)

Distance e H2 use

Susmozas et al. (2015) SBR14 Bio-oil reforming (from fast pyrolysis of poplar) Mass e H2 purification
Hajjaji et al. (2013) POX1 Partial oxidation of biomethane (cattle manure) Mass e H2 purification
Iribarren et al. (2014) BMG1 Biomass gasification (short-rotation poplar) Volume System expansion (sulphur) H2 purification
Wulf and Kaltschmitt (2013) BMG2 Biomass gasification (willow) Energy e H2 purification
Wulf and Kaltschmitt (2012) BMG3 Biomass gasification (wood chips) Mass e H2 distribution
Susmozas et al. (2013) BMG4 Biomass gasification (poplar) Mass Economic allocation (electricity) H2 purification
Weinberg and Kaltschmitt

(2013)
BMG5 Biomass gasification (woody biomass) Distance e H2 use

Simons and Bauer (2011) BMG6 Biomass gasification (woody biomass) Mass e H2 distribution
Martín-Gamboa et al. (2016) BMG7 Biomass gasification (vine pruning waste) Mass Economic allocation (grapes,

electricity)
H2 purification

Koroneos et al. (2008) BMG8 Biomass gasification (woody biomass) Energy e H2 liquefaction
Susmozas et al. (2016) BMG9 Biomass gasification with CO2 capture (short-rotation poplar) Mass System perspective (compressed

CO2)
H2 purification

a System’s first stage is “feedstock production” in all case studies.
b Conventional (fossil) hydrogen production used as the reference case.
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hydrogen production. A significant number of harmonisable case
studies in the thermochemical category involve biomass gasifica-
tion (BMG), which means the conversion of biomass into syngas at
elevated temperature in a gasification medium such as air, oxygen
and/or steam (Susmozas et al., 2013). Finally, two harmonisable
case studies involve thermochemical cycles (TCC), in which
hydrogen is produced through the thermal dissociation of water in
a sequence of reactions comprising different chemical reactants
that are recovered at the end of the cycle.

The electrochemical category is completely dominated by water
electrolysis (mainly alkaline), being wind power (WPE) and

photovoltaic power (PVE) the most common driving energy op-
tions. In water electrolysis, H2O is dissociated into ions under the
effect of a direct current supplied to the electrodes (Bhandari et al.,
2014). In alkaline electrolysis, KOH is commonly used as the elec-
trolytic solution, while in PEM electrolysers the electrolyte is a
polymeric membrane. The operating temperature in both PEM and
alkaline electrolysis is below 80 �C (low-temperature electrolysis).
On the other hand, operating temperatures within the range
600e1000 �C are reached in high-temperature electrolysis (e.g.,
solid oxide electrolysis and molten carbonate electrolysis) by
providing heat in order to reduce electricity consumption.

Table 5
Harmonisable case studies of renewable hydrogen within the electrochemical category.

Reference Code Hydrogen production process FU Multifunctionality System’s final
stagea

Ramos Pereira and Coelho
(2013)

WPE1 Water electrolysis (wind power) Energy e H2 compression

Granovskii et al. (2006) WPE2 Water electrolysis (wind power) Energy e H2 compression
Spath and Mann (2004) WPE3 Water electrolysis (wind power) Mass e H2 compression
Granovskii et al. (2007) WPE4 Water electrolysis (wind power) Exergy e H2 use
Khan et al. (2005) WPE5 Water electrolysis (wind power) Energy e H2 use
Miotti et al. (2017) WPE6 Water electrolysis (wind power) Distance e H2 use
Cetinkaya et al. (2012) WPE7 Water electrolysis (wind power) Mass e H2 compression
Simons and Bauer (2011) WPE8 Alkaline water electrolysis (wind power) Mass e H2 compression
Koj et al. (2015) WPE9 Alkaline water electrolysis (asbestos membrane) (wind power) Mass e H2 purification
Koj et al. (2015) WPE10 Alkaline water electrolysis (advanced membrane) (wind power) Mass e H2 purification
Koj et al. (2015) WPE11 Alkaline water electrolysis (asbestos membrane) (wind power) Mass e H2 purification
Suleman et al. (2015) WPE12 Alkaline water electrolysis (Na-Cl cell) (wind power) Mass e H2 production
Lee et al. (2010) WPE13 Alkaline water electrolysis (wind power) Distance e H2 use
Biswas et al. (2013) WPE14 Alkaline water electrolysis (wind power) Distance e H2 use
Reiter and Lindorfer (2015) WPE15 PEM water electrolysis (wind power) Energy e H2 production
Patyk et al. (2013) WPE16 High-temperature water electrolysis (wind power) Energy e H2 compression
Koroneos et al. (2004) WPE17 Alkaline water electrolysis (wind power) Energy e H2 liquefaction
Patyk et al. (2013) WPE18 High-temperature electrolysis (intermittent wind power) Energy e H2 compression
Patyk et al. (2013) WPE19 High-temperature electrolysis (intermittent wind power; biogas reforming

back-up)
Energy e H2 compression

Simons and Bauer (2011) PVE1 Alkaline water electrolysis (photovoltaic power) Mass e H2 compression
Cetinkaya et al. (2012) PVE2 Water electrolysis (photovoltaic power) Mass e H2 distribution
Ramos Pereira and Coelho

(2013)
PVE3 Water electrolysis (photovoltaic power) Energy e H2 compression

Granovskii et al. (2006) PVE4 Water electrolysis (photovoltaic power) Energy e H2 compression
Granovskii et al. (2007) PVE5 Water electrolysis (photovoltaic power) Exergy e H2 use
Suleman et al. (2015) PVE6 Alkaline water electrolysis (Na-Cl cell) (photovoltaic power) Mass e H2 production
Reiter and Lindorfer (2015) PVE7 PEM water electrolysis (photovoltaic power) Energy e H2 production
Koroneos et al. (2004) PVE8 Alkaline water electrolysis (photovoltaic power) Energy e H2 liquefaction
Lombardi et al. (2011) PVE9 Alkaline water electrolysis (photovoltaic power) Mass e H2 production
Koroneos et al. (2004) CSE1 Alkaline water electrolysis (concentrated solar power) Energy e H2 liquefaction
Simons and Bauer (2011) CSE2 Alkaline water electrolysis (concentrated solar power) Mass e H2 compression
Simons and Bauer (2011) HE1 Alkaline water electrolysis (hydropower) Mass e H2 compression
Valente et al. (2015) HE2 Alkaline water electrolysis (hydropower) Energy Energy allocation

(electricity)
H2 production

Koroneos et al. (2004) HE3 Alkaline water electrolysis (hydropower) Energy e H2 liquefaction
Lombardi et al. (2011) HE4 Alkaline water electrolysis (mini-hydropower) Mass e H2 production
Koroneos et al. (2004) BME1 Alkaline water electrolysis (biomass gasification power) Energy e H2 liquefaction
Mori et al. (2014) RNE1 Alkaline water electrolysis (undefined renewable power) Energy e H2 use
Wulf and Kaltschmitt (2012) RNE2 Alkaline water electrolysis (undefined renewable power) Mass e H2 distribution

a System’s first stage is “driving energy production” in all case studies.

Table 6
Harmonisable case studies of renewable hydrogen within the biological category.

Reference Code Hydrogen production process FU Multifunctionality System’s final stagea

Djomo and Blumberga (2011) BMF1 Two-stage fermentation (wheat straw) Energy System expansion (animal fodder) H2 compression
Djomo and Blumberga (2011) BMF2 Two-stage fermentation (potato peels) Energy System expansion (animal fodder) H2 compression
Djomo and Blumberga (2011) BMF3 Two-stage fermentation (sweet sorghum stalk) Energy System expansion (animal fodder) H2 compression
Manish and Banerjee (2008) BMF4 Photo-fermentation (sugarcane) Mass e H2 production
Manish and Banerjee (2008) BMF5 Dark fermentation (sugarcane) Mass e H2 production
Manish and Banerjee (2008) BMF6 Two-stage fermentation (sugarcane) Mass e H2 production
Pacheco et al. (2015) MAF1 Dark fermentation (microalgae) Mass Economic allocation (pigments) H2 production
Pacheco et al. (2015) MAF2 Dark fermentation (microalgae) Mass e H2 production

a System’s first stage is “feedstock production” in all case studies.
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Finally, for the biological category, renewable hydrogen is pro-
duced by fermentation of microalgae (MAF) or other biomass
feedstocks (BMF). The process is led by different bacteria under
certain conditions of light exposure, pH, temperature, and nutrient
and oxygen concentration (Manish and Banerjee, 2008). Biomass
fermentation can use anaerobic bacteria to produce hydrogen and
organic acids from glucose in dark conditions. Alternatively, in
photo-fermentation, photosynthetic bacteria are involved, which
convert organic acids into hydrogen and CO2 under the catalytic
action of nitrogenase with anaerobic conditions, neutral pH and
mesophilic temperature range. Higher hydrogen yields can be
reached by coupling dark- and photo-fermentation (two-stage
fermentation concept).

3. Results and discussion

This section addresses the quantitative harmonisation of the 71
case studies of renewable hydrogen deemed harmonisable plus an
additional case study included as the reference case study (codified
as SMR1). Despite its non-renewable nature, the reference case
study involves hydrogen production via SMR because it is currently
the conventional process to produce hydrogen and a large number
of authors carry out studies in which one or more renewable
hydrogen pathways are compared with this technology. In this
respect, the well-known LCA study on steam reforming of natural
gas authored by Spath and Mann (2001) is harmonised.

Fig. 4 presents the original and harmonised GWP results of
renewable hydrogen relative to the harmonised carbon footprint of
SMR1 (12.95 kg CO2 eq$kg�1 H2). Overall, renewable hydrogen
clearly shows a better GWP performance than conventional SMR
hydrogen, except for hydrogen from microalgal fermentation
(MAF1 and MAF2, which are case studies based on laboratory tests
to discuss the viability of biological hydrogen production in a bio-
refinery (Pacheco et al., 2015)). BMG9 shows a significantly nega-
tive (i.e., desirable) GWP due to the absorption of CO2 during
biomass growth and the implementation of a CO2 capture process
(Susmozas et al., 2016). On the other hand, the negative GWP
observed for the harmonised case BMG7 is due to the application of
system expansion when dealing with the electricity co-produced.

Harmonisation enables the case-by-case comparison between
original and harmonised GWP results of renewable hydrogen, also
revealing potential misinterpretation issues when comparing
directly values from different case studies without harmonisation.

For instance, when comparing renewable hydrogen from BMG8
with conventional hydrogen from SMR1, the use of the harmonised
value of BMG8 leads to a conclusion opposite to that drawn from
the use of the original value. Nevertheless, it should be noted that
the original study (Koroneos et al., 2008) does not pursue this type
of comparison.

Overall, the variability between the original and the harmonised
GWP results is found to be higher for renewable hydrogen within
the thermochemical and biological categories than for renewable
hydrogen within the electrochemical category. In this sense, Sec-
tions 3.1e3.3 provide the absolute (original and harmonised) GWP
values by technological category, thus facilitating a more specific
discussion. It is important to note that future LCA practitioners are
expected to enlarge the present library of harmonised GWP of
hydrogen. These practitioners are recommended to use the
harmonised results to make only case-by-case comparisons,
avoiding the use of average values to draw general comparisons
regarding entire technological categories or sub-categories
(European Commission, 2010).

3.1. Thermochemical hydrogen

Table 7 presents the original and harmonised GWP results for
renewable hydrogen within the thermochemical category. In gen-
eral, when moving from the original to the harmonised impact of
thermochemical hydrogen, an increase in GWP is observed. This is
mainly due to the addition of the compression stage since most of
the thermochemical case studies set the purification step as the
final stage. When adding the compression stage to case studies
within this category, the use of the default values for grid electricity
at the macro-region level (Table 1) is commonly required.

In the thermochemical category, the highest influence of the
harmonisation protocol on the results is found for case studies
within the biomass gasification sub-category (BMG8 due to har-
monisation of the conditioning stage ecompression instead of
liquefactione and BMG9 due to harmonisation in terms of multi-
functionality esystem expansion for captured CO2 as a chemical
product). In this regard, the higher the absolute difference of
harmonised GWP and original GWP, the higher the probability of
misinterpretation when comparing new and/or current case
studies using directly literature values.

The case-by-case differences between the original and the
harmonised impact prove the risk of misinterpretation faced by

Fig. 3. Summary of hydrogen-production methods involved in the harmonisable case studies.
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LCA practitioners when comparing values from different case
studies. For instance, when comparing renewable hydrogen from
autothermal reforming of bio-oil in SBR12 with renewable
hydrogen from thermochemical cycles in TCC1 and TCC2, SBR12
hydrogen is found to perform worse than TCC1/TCC2 hydrogen
according to the original values whereas the opposite conclusion is
drawn when considering the harmonised values. Similar misin-
terpretation concerns arise when comparing renewable hydrogen
from biomass gasification in BMG8 with renewable hydrogen from
bioethanol reforming in SBR5. It should be noted that this article
does not pursue the identification of all cases of misinterpretation,
but just an exemplification of this issue in order to prove its
importance.

Finally, based on the harmonised results, the identification of
operational trends effectively oriented towards low-carbon ther-
mochemical hydrogen is found to be intricate. Nevertheless, some
insights can be gained from the harmonised carbon footprints. In
particular, it is observed that, in this technological category, system
configurations that include the coproduction of electricity seem to
be preferred.

3.2. Electrochemical hydrogen

Table 8 presents the original and harmonised GWP results for
renewable hydrogen within the electrochemical category. In this

Fig. 4. Original and harmonised GWP results of renewable hydrogen relative to the harmonised GWP of SMR hydrogen.

Table 7
Original and harmonised GWP of renewable hydrogen within the thermochemical
category (kg CO2 eq$kg�1 H2).

Case study code Original GWPa Harmonised GWP DGWP

TCC1 5.06 6.81 1.75
TCC2 4.94 6.69 1.75
SBR1 9.20 10.36 1.16
SBR2 6.42 7.35 0.93
SBR3 4.32 5.25 0.93
SBR4 3.93 5.04 1.11
SBR5 10.57 11.78 1.21
SBR6 8.80 9.94 1.14
SBR7 4.80 5.79 0.99
SBR8 5.84 6.98 1.14
SBR9 6.08 7.22 1.14
SBR10 5.59 7.34 1.75
SBR11 4.80 5.80 1.00
SBR12 6.40 5.82 �0.58
SBR13 8.20 7.42 �0.78
SBR14 3.79 5.24 1.45
POX1 4.90 5.88 0.98
BMG1 1.34 2.09 0.75
BMG2 3.56 4.40 0.84
BMG3 2.00 1.62 �0.38
BMG4 0.41 0.18 �0.23
BMG5 3.36 4.16 0.80
BMG6 8.64 8.00 �0.64
BMG7 0.34 �0.13 �0.47
BMG8 17.04 10.47 �6.57
BMG9 �14.63 �24.19 �9.56

a Up to the H2 compression or liquefaction stage (when reported in the original
case study; otherwise, up to the stage before compression/liquefaction).
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technological category, the differences between original and
harmonised GWP are found to be generally lower than those
observed in the remaining technological categories, and are mainly
due to the harmonisation of the compression stage. This means that
the probability of obtaining misleading results when performing
the LCA of a new electrochemical case study is generally lower than
that linked to new thermochemical or biological case studies.

However, the risk of misinterpretation when comparing case
studies is still evident in Table 8. For instance, when taking into
account renewable electrochemical hydrogen in WPE19, PVE5,
CSE1 and BME1, a very different priority order is found depending

on the use of original or harmonised GWP values. The original GWP
values lead to a sequence PVE5 <WPE19 < CSE1 < BME1, while the
harmonised results lead to a sequence
BME1 < CSE1 < WPE19 < PVE5. Other examples of misinterpreta-
tion are found when comparing electrochemical hydrogen inWPE1
with electrochemical hydrogen in PVE1, PVE2 and HE3.

Even though a detailed identification of operational trends
actually oriented towards low-carbon electrochemical hydrogen is
not feasible, the results suggest that the use of wind power as the
driving energy is generally a convenient option for low-carbon
hydrogen. On the other hand, the convenience of hydropower
and other power sources is found to be conditioned by the power
plant size.

3.3. Biological hydrogen

Table 9 presents the original and harmonised GWP results for
renewable hydrogen within the biological category. In this tech-
nological category, the deviation of the results is remarkable both
after and before the harmonisation, which is closely linked to the
very high GWP values found for biological hydrogen in MAF1 and
MAF2 (Pacheco et al., 2015).

The differences between original and harmonised GWP in this
technological category are mainly associated with the harmo-
nisation of the compression stage and the inclusion of capital
goods. These differences are generally higher than in the electro-
chemical category, which means a higher risk of misinterpretation
if harmonisation is not performed before the comparison of new
and/or current case studies. For instance, misinterpretation con-
cerns arise when comparing biological hydrogen in BMF1 with
biological hydrogen in BMF4 and BMF6. According to the original
values, BMF1 hydrogen performs worse than BMF4/BMF6
hydrogen. However, it performs better than both BMF6 and BMF4
when using the harmonised GWP values.

Finally, with regard to the identification of operational trends
effectively oriented towards low-carbon biological hydrogen, the
selection of the biomass feedstock is found to be a key operational
aspect affecting the carbon footprint of the hydrogen produced. In
this respect, microalgae tend to lead to unfavourable global
warming impacts of hydrogen.

4. Conclusions

A protocol for the harmonisation of the life-cycle global
warming impact of hydrogen was developed taking into account
LCA standards, current methodological trends in LCA of hydrogen
energy systems and specific LCA guidelines for hydrogen produc-
tion systems. It is now available to practitioners willing to perform
consistent benchmarking and comparative LCA studies focused on
hydrogen production. Furthermore, it could serve as a starting
point when it comes to undertaking LCA harmonisation initiatives
for products other than hydrogen.

The feasibility of the harmonisation protocol was quantitatively
proven through its effective application to 71 case studies of
renewable hydrogen retrieved from the scientific literature. The
quantification of GWP within a consistent methodological frame-
work (in terms of attributional approach, functional unit, system
boundaries, and multifunctionality approach) was found to miti-
gate misinterpretation concerns linked to methodological in-
consistencies when comparing results from different case studies.
Overall, the effect of the protocol was found to be more noticeable
for renewable hydrogen within the thermochemical and biological
categories than for renewable hydrogenwithin the electrochemical
category. Nevertheless, examples of misinterpretation issues were
found in every technological category.

Table 8
Original and harmonised GWP of renewable hydrogen within the electrochemical
category (kg CO2 eq$kg�1 H2).

Case study code Original GWPa Harmonised GWP DGWP

WPE1 3.33 1.08 �2.25
WPE2 2.46 0.97 �1.49
WPE3 0.97 0.96 �0.01
WPE4 0.87 0.96 0.09
WPE5 0.38 0.51 0.13
WPE6 1.85 2.02 0.17
WPE7 0.97 1.15 0.18
WPE8 1.09 1.20 0.11
WPE9 0.62 0.73 0.11
WPE10 0.57 0.68 0.11
WPE11 0.57 0.68 0.11
WPE12 0.03 0.16 0.13
WPE13 0.76 0.85 0.09
WPE14 0.63 0.78 0.15
WPE15 0.60 0.74 0.14
WPE16 0.51 0.63 0.12
WPE17 0.85 0.84 �0.01
WPE18 0.69 0.81 0.12
WPE19 2.18 2.29 0.11
PVE1 2.18 2.18 0.00
PVE2 2.41 2.59 0.18
PVE3 8.00 5.75 �2.25
PVE4 3.66 3.98 0.32
PVE5 2.15 2.37 0.22
PVE6 0.37 0.69 0.32
PVE7 3.00 3.22 0.22
PVE8 5.82 5.04 �0.78
PVE9 6.50 7.54 1.04
CSE1 2.41 2.20 �0.21
CSE2 1.64 1.72 0.08
HE1 0.91 1.02 0.11
HE2 0.45 0.77 0.32
HE3 1.99 1.99 0.00
HE4 10.50 11.54 1.04
BME1 2.98 1.72 �1.26
RNE1 5.96 6.11 0.15
RNE2 4.00 3.49 �0.51

a Up to the H2 compression or liquefaction stage (when reported in the original
case study; otherwise. up to the stage before compression/liquefaction).

Table 9
Original and harmonised GWP of renewable hydrogenwithin the biological category
(kg CO2 eq$kg�1 H2).

Case study code Original GWPa Harmonised GWP DGWP

BMF1 3.56 4.51 0.95
BMF2 1.31 2.39 1.08
BMF3 4.07 4.96 0.89
BMF4 3.50 5.01 1.51
BMF5 5.50 7.36 1.86
BMF6 3.40 4.89 1.49
MAF1 49.70 51.73 2.03
MAF2 1704.00 1707.60 3.60

a Up to the H2 compression or liquefaction stage (when reported in the original
case study; otherwise, up to the stage before compression/liquefaction).
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It is expected (and recommended) that future LCA practitioners
will provide, in addition to their own results, the harmonised GWP
of hydrogen according to the proposed protocol, thereby enhancing
current and future interpretation when comparisons are made.
However, further research efforts are still required to provide a
complete set of harmonised life-cycle sustainability indicators of
hydrogen beyond GWP. The proposed protocol also serves as a
starting point in this direction.
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a b s t r a c t

A significant number of case studies evaluating hydrogen through the Life Cycle Assessment (LCA)
methodology are available in the scientific literature. However, inconsistencies in their methodological
frameworks lead to potential misinterpretation concerns when it comes to comparing LCA results. In
order to mitigate this risk, harmonisation protocols for life-cycle indicators arise as helpful tools. In this
regard, a harmonisation protocol for the life-cycle global warming impact (GWP) of hydrogen has been
recently developed. Taking this protocol as a starting point, this article expands the list of harmonised
sustainability indicators of hydrogen by formulating a new protocol for the cumulative non-renewable
energy demand (CEDnr) indicator. Furthermore, the protocol is applied to a sample of case studies of
renewable hydrogen (harmonised CEDnr ranging from 3 to 184 MJ kg�1 H2) as well as to a reference case
study of conventional hydrogen produced via steam methane reforming (harmonised CEDnr of
201 MJ kg�1 H2). The resultant library of harmonised CEDnr consistently complements that of harmonised
carbon footprints of hydrogen, showing a high correlation between GWP and CEDnr (R

2 ¼ 0.91). Overall,
LCA harmonisation initiatives are found to mitigate misinterpretation concerns when comparing and
ranking hydrogen energy systems both within the same technological category and between different
technological categories (thermochemical, electrochemical, and biological).

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen is expected to play a significant role in decarbonising
and cleaning the energy sector. In this sense, hydrogen should
involve a suitable environmental performance, which requires
production from renewable power sources and feedstocks. A
number of green hydrogen production methods are available and
several authors have researched about their suitability under
technical and environmental aspects (Dincer, 2015). Nevertheless,
hydrogen is currently produced mainly from fossil resources, viz.
through steam methane reforming (SMR) using natural gas as the
feedstock. Moreover, its use is mainly associated with non-energy
applications such as the production of fertilisers and metallur-
gical uses, in contrast to the use of hydrogen for mobility or resi-
dential applications (Ni�zeti�c et al., 2015).

Within this context, comprehensive analyses are required to

check the actual suitability of the life-cycle profile of hydrogen
production processes in terms of sustainability, i.e. under economic,
environmental and social aspects. In particular, when focusing on
the environmental dimension, the Life Cycle Assessment (LCA)
methodology is an appropriate tool to comprehensively evaluate
the potential impacts of product systems (ISO, 2006a). In fact,
numerous LCA studies of hydrogen energy systems have already
been carried out, most of them involving comparative studies and a
wide range of different methodological choices. In this respect,
according to the extensive review of LCA studies of hydrogen en-
ergy systems in Valente et al. (2017a), most of the studies apply
cradle-to-gate system boundaries up to hydrogen production,
reporting the life-cycle impacts of hydrogen (mainly, carbon foot-
print, energy consumption, and acidification) on an energy or mass
basis (functional unit). Furthermore, when dealing with multi-
functionality, system expansion is typically used.

When comparing LCA results from different case studies, dif-
ferences in methodological choices may distort the findings, giving
rise to potentially relevant misinterpretation concerns (Valente
et al., 2017a). This is especially pertinent when comparing case
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studies coming from different works. For instance, opposite con-
clusions could be drawn when checking the suitability of a
renewable hydrogen option with respect to conventional SMR
hydrogen in terms of their carbon footprints (Valente et al., 2017b).

Hence, harmonisation initiatives for the mitigation of misin-
terpretation risks in LCA of hydrogen energy systems have been
recently undertaken, focusing on both the formulation of a har-
monisation protocol for the life-cycle global warming impact po-
tential (GWP) of hydrogen and the initial building of a library of
harmonised impacts (Valente et al., 2017b).

This article addresses the development and application of a
robust protocol for the harmonisation of the cumulative energy
demand (CED) of hydrogen. The relevance of this article is related to
the potential major role of green hydrogen in a future clean energy
system, as well as to the acknowledged need for checking its sus-
tainability in terms not only of carbon footprint but also of other
impact categories. The fact that only one harmonised life-cycle
indicator (viz., GWP) is available to date strengthens the novelty
of the study. In this respect, CED is an especially relevant life-cycle
indicator of hydrogen energy systems, not only due to its suitability
to understand the actual energy needs of product systems but also
because it generally represents a link between environmental and
technical performances (Huijbregts et al., 2006).

In particular, this article aims to formulate a protocol for the
harmonisation of the cumulative non-renewable energy demand
(CEDnr) of hydrogen production systems, as well as to apply the
protocol to case studies of renewable hydrogen found in the sci-
entific literature. In this sense, the two main outcomes of the study
are the harmonisation protocol for CEDnr (Section 2.1) and the
initial library of harmonised CEDnr (Section 3.1) for a sample of case
studies of renewable hydrogen (Section 2.2). Therefore, the goal of
this work is to answer the following research questions: (i) can the
CEDnr of hydrogen energy systems be harmonised through a
common protocol?; (ii) does the application of a harmonisation
protocol mitigatemisinterpretation risk when comparing hydrogen
energy systems?; and (iii) do the harmonised CEDnr and GWP re-
sults show a good correlation as expected for energy systems?

2. Material and methods

The choice of CEDnr as the life-cycle indicator subject to har-
monisation was due to several reasons. First, the number of avail-
able case studies of hydrogen energy systems including this
indicator was considered to be appropriate for the formulation of a
specific harmonisation protocol. In this regard, Valente et al.
(2017a) found that many authors reported CEDnr in their LCA
studies of hydrogen. The VDI method (VDI, 2012) was often used in
these studies. Second, CEDnr is widely recognised as a practical
screening indicator regarding not only the technical performance of
product systems but also their environmental performance, being
commonly linked to e.g. GWP and acidification (Huijbregts et al.,
2006). In this respect, the assessment of CEDnr might help to
cross-check both data correctness and technical feasibility of case
studies (Hischier et al., 2010). Furthermore, when performing LCA
of renewable energy systems, the evaluation of CEDnr enables an-
alysts to verify the actual renewability of a system (García-Gusano
et al., 2017). This facilitates the identification of energy systems that
inappropriately claim to be renewable even though a significant
amount of non-renewable energy is required along their supply
chain (Pehnt, 2006).

2.1. Harmonisation protocol for CEDnr

The methodological framework for the harmonisation of CEDnr
was consistently adapted from the protocol available for the

harmonised carbon footprint of hydrogen (Valente et al., 2017b).
Accordingly, trends in methodological choices in LCA of hydrogen
(Valente et al., 2017a) as well as general and specific LCA guidelines
were taken into account. On the one hand, general guidelines refer
to LCA standards (ISO, 2006b). On the other hand, specific LCA
recommendations for hydrogen energy systems refer to Lozanovski
et al. (2011).

As the original protocol for GWP, the novel harmonisation pro-
tocol for CEDnr of hydrogen (Fig. 1) was divided into four sections.
These sections deal with (i) attributional modelling approach,
method and system boundaries, (ii) functional unit (FU), (iii) mul-
tifunctionality, and (iv) compression stage and capital goods. Since
most of the choices and features of the protocol are common to
those extensively reported in Valente et al. (2017b), only the key
aspects and distinguishing features are addressed herein.

As shown in the first block of the protocol (“block 1” in Fig. 1), its
applicability was limited to case studies inwhich the quantification
of CEDnr included both fossil and nuclear CED. The rationale behind
this decisionwas the prioritisation of the robustness of the protocol
rather than the increased number of case studies.

The harmonised system boundaries and subsystems of a generic
hydrogen energy system at the foreground level are shown in Fig. 2.
Since hydrogen production is the key function of the system, the
harmonised FU (“block 2” in Fig. 1) was set as 1 kg of hydrogen
produced (Valente et al., 2017b). The definition of system bound-
aries followed a cradle-to-gate approach, i.e. from feedstock/
driving energyproduction, through conversion, to hydrogen
compression (Lozanovski et al., 2011).

Special attentionwas paid to those systems involving more than
one function (e.g., co-production) along the stages included in the
harmonised framework (Fig. 2). When multifunctionality arose in
any of the subsystems, this was addressed using an approach
selected according to the role of the product actually linked to
hydrogen (“block 3” in Fig. 1). In this regard, if the hydrogen-
oriented output represented the leading function of the subsys-
tem, system expansion was used. Otherwise, an allocation
approach based on economic values was followed (Valente et al.,
2017b).

The final block of the protocol (“block 4” in Fig. 1) improves
consistency in case-by-case comparisons by including capital goods
and harmonising the hydrogen conditioning stage. The latter was
done considering the hydrogen compression technique defined in
Valente et al. (2017b): three-stage intercooled compression at 25 �C
with 75% efficiency and 20 MPa as the final hydrogen pressure.
Thus, comparisons between harmonised systems involved
hydrogen with the same final conditions in terms of both temper-
ature and pressure.

Default values (Tables 1e3) are provided in order to enhance the
applicability of the CEDnr protocol. These values refer to electricity
production (Table 1), compression energy (Table 2) and capital
goods (Table 3) according to the specific needs identified for the
sample of case studies presented in Section 2.2.

The default CEDnr values for power generation were estimated
implementing inventory data in SimaPro 8 (Goedkoop et al., 2016).
These inventory data involved foreground data from specific
sources (detailed in Table 1) as well as background data from the
ecoinvent database. Regarding the compression stage, the elec-
tricity demands in Table 2 were calculated according to Zhang et al.
(2014) assuming for each technology an initial pressure based on
literature data. Finally, the default CEDnr values for capital goods in
Table 3 were based on data from the ecoinvent database
(Frischknecht et al., 2007).

The main use of these default values by future LCA practitioners
is expected to take place when harmonising other authors’ studies.
In this sense, when harmonising own LCA studies, more specific
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data are likely to be available. A sensitivity analysis to evaluate the
potential effect of the use of default values on the harmonisation
results is presented later in Section 3.3.

2.2. Sample of case studies

Instead of using an arbitrary sample of case studies, a recent and
extensive review of LCA studies of hydrogen energy systems
(Valente et al., 2017a) was used to set the sample of case studies.
Therefore, only cases studies in published articles were selected
(Scopus search; keywords “hydrogen” AND “life cycle assessment”).
Moreover, since a well-established hydrogen economy will require
sustainable production from renewable sources, this study
included only systems dealing with renewable hydrogen. In other
words, case studies involving non-renewable feedstock or driving
energy were excluded. Consequently, and in accordance with the
previous study of harmonised GWP impact (Valente et al., 2017b),
the initial sample involved 131 original case studies of renewable
hydrogen published in the period between January 2010 and April
2016, of which 50 included CED with an appropriate life-cycle
perspective. The application of the harmonisation protocol (Fig. 1)
to this set of 50 case studies led to the identification of 30 non-
harmonisable cases and 20 harmonisable cases. The reasons for
the relatively high percentage of non-harmonisable case studies
included: (i) impossibility of providing CEDnr as the fossil and nu-
clear CED in 26 case studies; (ii) impossibility of applying system
expansion in 2 case studies due to the unfeasibility of allocation

undoing at the subsystem level; (iii) CEDnr not broken down by
stages in 2 case studies in which the last life-cycle stage went after
hydrogen conditioning. No other technical or technological criteria
were needed to define the final sample.

Table 4 presents the list of harmonisable case studies. The ter-
minology used for processes and raw materials in the column
“Hydrogen production process” is consistent with that used by the
authors of the original studies. In addition to the renewable
hydrogen energy systems that could be harmonised, a harmonis-
able case study of conventional (fossil) hydrogen produced via SMR
was included as a reference case (Susmozas et al., 2013). Three
technological categories of renewable hydrogenwere distinguished
(Valente et al., 2017a): thermochemical (TC), electrochemical (EC)
and biological (BL) hydrogen.

In the thermochemical category, the harmonisable case studies
involved either biofuel (mainly bio-oil) reforming or biomass
gasification. Lignocellulosic biomass was the most common feed-
stock used in these cases. Regarding electrochemical hydrogen, all
harmonisable case studies involved water electrolysis driven by
renewable power sources. In particular, most of these cases referred
to alkaline water electrolysis, whereas only three case studies
concerned high-temperature water electrolysis using solid oxide
cells. Finally, it should be noted that all harmonisable case studies
of biological hydrogen came from the same study (Manish and
Banerjee, 2008), which involved fermentative processes using
first-generation biomass.

Fig. 1. Harmonisation protocol for the CEDnr indicator of hydrogen.
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3. Results and discussion

3.1. Library of harmonised CEDnr results

This section presents the results of the harmonisation process
for the renewable case studies of hydrogen, which constitutes the
initial library of harmonised CEDnr. This library was built to provide
appropriate values to future LCA practitioners willing to compare
their own case studies of hydrogen with bibliographic case studies.
In this situation, LCA practitioners should also provide the
harmonised CEDnr result of their specific case studies, thereby
enlarging the current library of harmonised values.

Fig. 2. Simplified diagram of the harmonised hydrogen energy system.

Table 1
Default CEDnr values for electricity production.

Criterion Region or source MJ$kWh�1

Macro-region a North Europe 4.05
Rest of Europe 10.67
Central and South America 4.38
United States 11.54
Canada 4.95
China and India 25.12
Rest of the world 10.25

Non-renewable source b Coal 12.37
Natural gas 11.18
Oil 12.42
Nuclear 13.37

Renewable source Wind b 0.01
Solar b 1.14
Hydropower b 0.05
Biomass c 3.31
Geothermal d 0.05

a Based on electricity production mixes from the World Bank (2017) and power
generation technologies in the ecoinvent database (Dones et al., 2007).

b Based on power generation technologymixes (international scope) (Dones et al.,
2007).

c Based on Gonz�alez-García et al. (2012).
d Based on Martín-Gamboa et al. (2015).

Table 2
Default values of initial hydrogen pressure (P1, in MPa) and electrical work for
compression (kWhe per kg of hydrogen).

Technology P1 a Work b

Electrolysis (advanced alkaline, proton exchange membrane) 2.0 1.18
High-temperature electrolysis (solid oxide electrolyser cell) 0.2 2.65
Pressure swing adsorption (PSA) 2.2 1.13
Other (assume standard conditions) 0.1 3.16

a Based on Valente et al. (2017b).
b Electrical work calculated according to Zhang et al. (2014) for a final hydrogen

pressure P2 ¼ 20 MPa.
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Table 5 presents the initial library of harmonised CEDnr values
along with the corresponding original values. In addition to the
values for the sample of case studies of renewable hydrogen, those
for SMR hydrogen are also reported in order to allow comparison
with the reference case. Moreover, for the sake of completeness, the
corresponding harmonised carbon footprints previously reported
in Valente et al. (2017b) are included.

It should be noted that the traceability of the harmonisation

study conducted in this article relies essentially on the step-by-step
application of the protocol detailed in Section 2.1. This traceability
is further enhanced by the detailed identification of case studies
(Section 2.2) and the provision of the default values required to
harmonise the set of case studies (Section 2.1).

The effects of the harmonisation process in terms of mitigated
misinterpretation concerns are addressed in Section 3.2. On the
other hand, the use of the harmonised results for the identification
of operational trends towards a favourable life-cycle energy per-
formance of hydrogen energy systems was found to be hampered
by the low number of case studies belonging to each technological
category. Nevertheless, some insights regarding hydrogen as a
cleaner production solution could be gained. For instance, con-
cerning thermochemical hydrogen, the case studies based on
lignocellulosic biomass gasification showed more favourable
harmonised CEDnr results than those based on biofuel reforming.
Regarding electrochemical hydrogen, the harmonised results sug-
gest that wind power and hydropower could be preferred over solar
and biomass power sources. With regard to biological hydrogen,
links between CEDnr and operational features other than those
already discussed in the original work were not deemed appro-
priate since the three case studies within this technological cate-
gory came from the same study. Generally, the operational trends
found here for thermochemical and electrochemical hydrogen are
in agreement with those previously observed when harmonising
the carbon footprint of renewable hydrogen (Valente et al., 2017b).

Table 3
Default CEDnr values for capital goods according to the type of plant.

Stage Type CEDnr

Hydrogen production and
conditioning

Electrochemical plant 1.35 MJ kg�1 H2

Rest of plants (biological/
thermochemical)

1.18 MJ kg�1 H2

Feedstock production Tap water 1$10�3 MJ kg�1

feedstock
From mining (solid) 0.55 MJ kg�1

feedstock
From mining (gas) 0.59 MJ kg�1

feedstock
From cultivation (wet) 0.39 MJ kg�1

feedstock
Rest of plants 1.18 MJ kg�1

feedstock
Electricity production From grid mix 0.15 MJ$kWhe

�1

Fossil plant 0.23 MJ$kWhe
�1

Nuclear plant 0.05 MJ$kWhe
�1

Renewable plant 0.372 MJ$kWhe
�1

Table 4
Sample of harmonisable case studies.

Reference Code Hydrogen production process FU Multifunctionality First stage Final stage

Susmozas et al., 2013 SMR Steam reforming of natural gas
(reference case)

Mass e Feedstock production H2 purification

Hajjaji et al., 2016 TC1 Biogas reforming (from farm waste) Mass System expansion (digestate) Feedstock production H2 purification
Heracleous, 2011 TC2 Bio-oil reforming (from fast pyrolysis of

a mix of waste wood chips)
Distance e Feedstock production H2 use

Heracleous, 2011 TC3 Bio-oil reforming (from fast pyrolysis of
willow)

Distance e Feedstock production H2 use

Susmozas et al., 2015 TC4 Bio-oil reforming (from fast pyrolysis of
poplar)

Mass e Feedstock production H2 purification

Iribarren et al., 2014 TC5 Biomass gasification (poplar) Volume System expansion (sulphur) Feedstock production H2 purification
Susmozas et al., 2013 TC6 Biomass gasification (poplar) Mass Economic allocation

(electricity)
Feedstock production H2 purification

Koroneos et al., 2008 TC7 Biomass gasification (unspecified
woody biomass)

Energy e Feedstock production H2 liquefaction

Martín-Gamboa et al., 2016 TC8 Biomass gasification (vine pruning
waste)

Mass Economic allocation (grapes,
electricity)

Feedstock production H2 purification

Valente et al., 2015 EC1 Alkaline water electrolysis
(hydropower)

Energy Energy allocation (electricity) Driving energy production H2 production

Simons and Bauer, 2011 EC2 Alkaline water electrolysis
(hydropower)

Mass e Driving energy production H2 compression

Simons and Bauer, 2011 EC3 Alkaline water electrolysis
(photovoltaic power)

Mass e Driving energy production H2 compression

Simons and Bauer, 2011 EC4 Alkaline water electrolysis (wind
power)

Mass e Driving energy production H2 compression

Simons and Bauer, 2011 EC5 Alkaline water electrolysis (thermal
solar power)

Mass e Driving energy production H2 compression

Koroneos et al., 2008 EC6 Alkaline water electrolysis (biomass
gasification power)

Energy e Driving energy production H2 liquefaction

Patyk et al., 2013 EC7 High-temperature water electrolysis
(wind power)

Energy e Driving energy production H2 compression

Patyk et al., 2013 EC8 High-temperature electrolysis
(intermittent wind power)

Energy e Driving energy production H2 compression

Patyk et al., 2013 EC9 High-temperature electrolysis
(intermittent wind power; biogas
reforming back-up)

Energy e Driving energy production H2 compression

Manish and Banerjee, 2008 BL1 Photo-fermentation (sugarcane) Mass e Feedstock production H2 production
Manish and Banerjee, 2008 BL2 Dark fermentation (sugarcane) Mass e Feedstock production H2 production
Manish and Banerjee, 2008 BL3 Two-stage fermentation (sugarcane) Mass e Feedstock production H2 production
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3.2. Misinterpretation concerns

Although a complete identification of all potential cases of
misinterpretation was not pursued, this section illustrates some of
the misinterpretation concerns identified after the application of
the harmonisation protocol to the sample of case studies of
renewable hydrogen.

In general, the higher the difference between the harmonised
and the original result (DCEDnr), the higher the risk of misinter-
pretation (Valente et al., 2017b). In this sense, according to the
values in Table 5, a highermisinterpretation risk is expected for TC1,
TC4, TC7, BL1, BL2 and BL3 since these case studies showed absolute
differences above 25 MJ kg�1 H2.

In the thermochemical cases TC1 and TC4, the relatively high
DCEDnr was mainly justified by the harmonisation of the system
boundaries and the subsequent use of the grid mix when adding
the compression step. In TC7, the difference was closely linked to
the harmonisation of the conditioning step. In this case, moving
from hydrogen liquefaction to compression reasonably led to a
significant decrease in the CEDnr value due to the reduced elec-
tricity consumption from the grid. This was also observed in the
electrochemical case EC6, but to a lesser extent due to the use of
renewable (biomass-based) electricity for the conditioning step. In
the biological case studies, the difference was mainly due to the
inclusion of capital goods principally regarding the required culti-
vation of high amounts of biomass feedstock.

Fig. 3 shows the harmonised and the original CEDnr values of
hydrogen relative to the harmonised CEDnr of the SMR case
(201 MJ kg�1 H2), arranging the case studies in ascending order of
harmonised CEDnr. This arrangement facilitated the identification
of misinterpretation concerns.

As shown in Fig. 3, both the original and the harmonised case
studies accounted for CEDnr values lower than that of SMR. Ac-
cording to the evaluated sample, this means a low misinterpreta-
tion risk when comparing qualitatively a case study of renewable
hydrogen with the SMR case. However, numerous misinterpreta-
tion concerns arose in other comparative contexts.

A significant misinterpretation risk was found when checking
the achievement of energy saving targets of renewable hydrogen

with respect to SMR hydrogen. For instance, when a 40% target for
CEDnr savings was considered, the suitability of the case studies BL2
and TC7 was found to depend on the use of harmonised (target
attained by TC7 but not by BL2) or original (target attained by BL2
but not by TC7) values due to inconsistencies in capital goods and
hydrogen conditions. Similarly, a more ambitious target of 50%
CEDnr savings led to opposite conclusions also for TC2, TC3, and TC4
due to inconsistencies in system boundaries. An even higher CEDnr
saving target (60%) led to misinterpretation concerns regarding
TC1, BL1, and BL3 due to inconsistencies in system boundaries and
final hydrogen conditions.

A relevant misinterpretation risk was also found when pursuing
the comparison of renewable hydrogen options belonging to
different technological categories. For instance, the case study TC5
(involving biomass gasification) performs better than EC4
(involving wind power electrolysis) according to the original CEDnr
values, while an opposite conclusion was drawn when using the
harmonised values. In this case, the harmonised comparison was
deemed more reasonable than the original one due to the avoid-
ance of inconsistencies regarding the conditioning stage. Similar
examples of potential misinterpretation were found when
comparing hydrogen from bio-oil reforming (TC2, TC3 or TC4) with
biological hydrogen from BL2, and when comparing electro-
chemical hydrogen from EC3, EC5 or EC6 with biological hydrogen
from BL1 or BL3.

Finally, an important misinterpretation risk was also found
when comparing between renewable hydrogen options within the
same technological category. For instance, regarding electro-
chemical hydrogen, the case study EC7 showed a better CEDnr
performance in comparison with EC1 using the harmonised values,
while the conclusion was reversed when using the original values
due to inconsistencies in system boundaries and final hydrogen
conditions. Similarly, regarding thermochemical hydrogen, the case
studies TC3 and TC4 (both involving bio-oil reforming) showed a
different CEDnr sequence depending on the use of harmonised
(TC4 > TC3) or original (TC3 > TC4) values because of in-
consistencies in system boundaries. Overall, all these misinterpre-
tation concerns stress the need for harmonisation.

Table 5
Original and harmonised CEDnr results (MJ$kg�1 H2) along with harmonised GWP results (kg CO2 eq$kg�1 H2).

Case study code Key technology Harmonised GWP a Original CEDnr
b Harmonised CEDnr DCEDnr

SMR Reforming of natural gas 11.43 185.08 200.95 15.87
TC1 Biogas reforming 7.34 4.15 98.19 94.04
TC2 Bio-oil reforming 5.82 95.64 111.22 15.58
TC3 Bio-oil reforming 7.42 98.40 113.98 15.58
TC4 Bio-oil reforming 5.24 89.34 114.66 25.32
TC5 Biomass gasification 2.09 21.00 41.86 20.86
TC6 Biomass gasification 0.18 19.52 25.36 5.84
TC7 Biomass gasification 10.47 156.09 20.40 �135.69
TC8 Biomass gasification �0.13 9.29 3.00 �6.29
EC1 Hydropower electrolysis 0.77 8.62 8.71 0.09
EC2 Hydropower electrolysis 1.02 22.40 23.90 1.50
EC3 Photovoltaic electrolysis 2.18 54.42 59.37 4.95
EC4 Wind electrolysis 1.20 28.56 29.93 1.37
EC5 Thermal solar electrolysis 1.72 42.93 44.28 1.35
EC6 Biomass power electrolysis 1.72 42.34 35.50 �6.84
EC7 Wind electrolysis 0.63 8.75 8.07 �0.68
EC8 Wind electrolysis 0.81 12.47 11.46 �1.01
EC9 Wind electrolysis 2.29 19.18 17.57 �1.61
BL1 Photo-fermentation 5.01 40.10 91.12 51.02
BL2 Dark fermentation 7.36 61.70 183.72 122.02
BL3 Two-stage fermentation 4.89 39.30 87.74 48.44

a Harmonised carbon footprint according to Valente et al. (2017b), except for SMR (which is specifically calculated in this work).
b Up to the H2 compression or liquefaction stage (when reported in the original case study; otherwise, up to the stage before compression/liquefaction).
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3.3. Sensitivity analysis regarding default values

The use of the default values provided in Tables 1 and 3might be
a relevant source of uncertainty regarding harmonisation results. In
order to evaluate the influence of the default values on the
harmonised results presented in Section 3.1, a sensitivity analysis
was performed by varying the default values from�50% toþ50%. It
should be noted that this variationwas applied individually to each
table of default values (Tables 1 and 3) in order to test separately
the influence of each aspect (i.e., electricity production and capital
goods).

The sensitivity analysis showed that eexcluding the case study
TC7e the average variation in the harmonised values was ±8% (and
9% standard deviation) for a variation of ±50% in the default values.
Aside from TC7, the most relevant variation in the harmonised re-
sults was found for TC1 and BL2 (both sensitive to the CEDnr of
capital goods) as well as for TC8 (sensitivity to the CEDnr of elec-
tricity). As a singularity, the case study TC7 was found to be highly
sensitive to the use of default values for electricity production
because of the harmonisation of the conditioning stage (hydrogen
compression instead of liquefaction).

Regarding the effect of the variation of the default values on
comparative studies, this variation was found to potentially lead to
minor modifications in the ranking of renewable hydrogen options
according to the harmonised values. For instance, Fig. 4 shows
these modifications when the default values of Tables 1 and 3 are
increased by 50%.

As shown in Fig. 4, the variation of the default values for elec-
tricity production (Table 1) led to an exchange of positions between
EC2 and TC6, as well as between EC5 and TC5. On the other hand,

the effect of the variation of the default values for capital goods
(Table 3) was particularly critical for the case study BL2, which
became aworse option than conventional SMR hydrogen. In fact, in
this case study, the conversion process requires a high amount of
biomass and, therefore, of the capital goods related to the cultivated
biomass. In this sense, the use of a more specific value for the
capital goods in the cultivation step would be convenient, though
not available in the original study. At this point, it should be
remarked that priority should always be given to the use of specific
values over the use of the default values provided in Tables 1e3,
whose use is expected to be limited to unavailability circumstances.

Generally, given the relatively low sensitivity of the case studies
to the use of default values, the key findings presented in Sections
3.1 and 3.2 are considered not to be affected by this issue.

3.4. Relationship between CEDnr and GWP

In order to provide a more complete picture of the LCA har-
monisation initiative for hydrogen, the relationship between GWP
and CEDnr was discussed by combining the results available for
both life-cycle sustainability indicators. Using the original and the
harmonised carbon footprints reported in Valente et al. (2017b) and
the CEDnr results presented in Section 3.1, the correlation between
global warming and life-cycle energy demandwas explored (Fig. 5).
Due to inventory concerns, the case study TC7 was not considered
in Fig. 5.

Since the case studies in the evaluated sample did not involve
hydrogen energy systems including nuclear power sources (except
for the nuclear fraction of electricity production mixes), a high
correlation between CEDnr and GWP should be expected

Fig. 3. Original and harmonised CEDnr of renewable hydrogen relative to the harmonised CEDnr of SMR hydrogen.
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(Huijbregts et al., 2006). In this sense, the harmonisation of CEDnr
and GWP reliably shows the relationship between these indicators.
In fact, a considerably higher R2 score was found when using the
harmonised values rather than the original ones. This finding leads
to further recommend the use of harmonised values calculated
according to the proposed protocol formitigatingmisinterpretation
concerns in comparative LCA studies addressing GWP and/or CEDnr.

Given the high correlation found between GWP and CEDnr, the
findings in Valente et al. (2017b) are reinforced. When compared to
this previous study, the new findings from this work are ein
addition to the new protocol and the extended library of harmon-
ised indicatorse the results from the GWP/CEDnr correlation study
and the sensitivity analysis.

4. Conclusions

A robust protocol for the harmonisation of the cumulative non-
renewable energy demand of hydrogen is now accessible to LCA
practitioners. In addition to the protocol, an initial library of
harmonised CEDnr of hydrogen is now available, with harmonised
results for renewable hydrogen as well as for conventional (SMR)
hydrogen. The main benefit from the future use of the harmo-
nisation protocol and the library of harmonised values is the miti-
gation of misinterpretation concerns when assessing and
comparing hydrogen energy systems. This allows respecting the
principles of cleaner production by thoroughly and consistently
verifying that one option actually performs better than another
(e.g., better than conventional SMR hydrogen or a specific renew-
able hydrogen option) from a life-cycle perspective.

The application of the protocol showed that the key aspects
addressed in the harmonisation process (in particular, multi-
functionality approach, capital goods, and inclusion of the
hydrogen compression stage with uniform final conditions) have a

significant influence on the robustness and reliability of compara-
tive LCA studies of hydrogen. Among the 21 case studies harmon-
ised, the highest CEDnr value was found for conventional SMR
hydrogen (201 MJ kg�1 H2), while the values for the 20 renewable
hydrogen cases ranged from 3 to 184 MJ eq$kg�1 H2. The resulting
library of harmonised CEDnr was found to consistently complement
that of harmonised carbon footprints of renewable hydrogen. In
contrast to the original (i.e., non-harmonised) values, the
harmonised results of CEDnr and GWP appropriately showed a high
correlation between both life-cycle indicators (R2 ¼ 0.91), thus
fulfilling the expectations in the literature for energy products
(Huijbregts et al., 2006). Therefore, the use of the harmonisation
protocol as well as of the library of harmonised results is highly
recommended in future LCA studies comparing hydrogen energy
systems.

Regarding future LCA practitioners willing to compare their case
studies with those already harmonised in this work, they are rec-
ommended to strictly follow the protocol in Fig. 1 to harmonise
their results, giving preference to the use of specific values rather
than default values. When harmonising not their own case studies
but other authors’ case studies, special attention should be paid to
the use of values as specific as possible for the life-cycle impact of
electricity, mainly in case studies that require the recalculation of
the conditioning step and/or involve electricity co-production.

Regarding LCA practitioners not necessarily willing to harmo-
nise their results but willing to make the harmonisation protocol
applicable to their own case studies, they should (i) report infor-
mation on the type of electricity used; (ii) when involving multi-
functional subsystems, specify the amount of co-products and the
allocation factors (or the impacts of the avoided products); (iii)
report the impacts by life-cycle stage; (iv) state the energy basis
(lower or higher heating value) considered for hydrogen; (v) report
hydrogen conditions after production/conditioning (in particular,

Fig. 4. Harmonised CEDnr of renewable hydrogen options (excluding TC7) with and without variation in the default values.
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pressure and purity) and the electricity required for hydrogen
compression/liquefaction; and (vi) state whether capital goods are
included in the system’s boundaries.

Finally, it should be acknowledged that further efforts are still
required to enlarge the list of harmonised life-cycle sustainability
indicators of hydrogen. In this regard, this work adds to previous
harmonisation initiatives paving the way to a sound assessment of
hydrogen energy systems for ensuring that they actually contribute
to cleaner production and sustainability.
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a b s t r a c t

The environmental sustainability of hydrogen energy systems is often evaluated through

Life Cycle Assessment (LCA). In particular, environmental suitability is usually determined

by comparing the life-cycle indicators calculated for a specific hydrogen energy system

with those of a reference system (e.g., conventional hydrogen from steam methane

reforming, SMR-H2). In this respect, harmonisation protocols for comparative LCA of

hydrogen energy systems have recently been developed in order to avoid misleading

conclusions in terms of carbon footprints and cumulative energy demand. This article

expands the scope of these harmonisation initiatives by addressing a new life-cycle indi-

cator: acidification. A robust protocol for harmonising the acidification potential of

hydrogen energy systems is developed and applied to both SMR-H2 and a sample of case

studies of renewable hydrogen. According to the results, unlike other energy systems,

there is no correlation between acidification and carbon footprint in the case of hydrogen

energy systems, which prevents the estimation of harmonised acidification results from

available harmonised carbon footprints. Nevertheless, an initial library of harmonised life-

cycle indicators of renewable hydrogen is now made available.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Although hydrogen continues to be mainly produced through

steam methane reforming (SMR) [1], numerous “green”

hydrogen production methods are available [2]. In this regard,

electrochemical routes through water electrolysis using

renewable power sources [3], thermochemical pathways

involving renewable feedstock as the hydrogen carrier

(biomass/biofuels) [4] and biological processes that use green

substrates [5] are representative examples. In fact,

environmental sustainability is one of the key requirements in

the path towards a potential hydrogen economy. Within this

context, renewable hydrogen would play a major role in the

future energy system. Nevertheless, the environmental suit-

ability of renewable hydrogen also needs to be quantitatively

proven. Life Cycle Assessment (LCA) ea methodology to

comprehensively assess the environmental aspects and po-

tential impacts associated with a product [6,7]e is often used

with this purpose [8].

Since the environmental suitability of a hydrogen energy

system is usually deemed by comparing its life-cycle

* Corresponding author.
E-mail address: diego.iribarren@imdea.org (D. Iribarren).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 1 9 4 2 6e1 9 4 3 3

https://doi.org/10.1016/j.ijhydene.2018.03.101
0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

mailto:diego.iribarren@imdea.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2018.03.101&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2018.03.101
https://doi.org/10.1016/j.ijhydene.2018.03.101
https://doi.org/10.1016/j.ijhydene.2018.03.101


performance with that of a reference system (often SMR-H2),

specific harmonisation protocols for robust (comparative) LCA

of hydrogen energy systems have recently been proposed

[9,10]. Unfortunately, these protocols that remove methodo-

logical inconsistencies in LCA of hydrogen energy systems are

limited to only two life-cycle indicators: global warming

impact potential (i.e., carbon footprint; GWP) and cumulative

non-renewable energy demand (CEDnr).

Given the energy nature of the system, a high correlation

between GWP and other life-cycle impact potentials such as

CEDnr and acidification (AP) could be expected [11]. In fact, a

very high correlation between harmonised GWP and

harmonised CEDnr has already been reported in the literature

for hydrogen energy systems [10]. This suggests that other

life-cycle indicators such as AP edespite its different nature

from GWP and CEDnr due to site-dependent features [12]e

could be easily estimated from the harmonised carbon foot-

prints already available for a relatively high number of

hydrogen case studies [9]. This article explores the validity of

this idea when AP is evaluated without spatial differentiation,

focusing on consistent methodological choices (e.g., system

boundaries) and expanding the number of harmonised life-

cycle indicators of hydrogen by covering AP (after GWP, one

of the most common and relevant life-cycle indicators

addressed in LCA of hydrogen energy systems [8]).

Therefore, the goal of this study is to check the correlation

between GWP and AP and its validity to estimate the

harmonised AP of hydrogen energy systems. Another major

objective is to enlarge the current library of harmonised life-

cycle indicators of both SMR and renewable hydrogen [9,10]

by including harmonised AP results.

Material and methods

The initial hypothesis to be checked is the existence of a high

correlation between GWP and AP. The formulation of this

hypothesis is based on the correlation results generally found

for energy processes in Ref. [11]. For instance, Fig. 1 shows the

high correlation between GWP and AP for renewable elec-

tricity (with no biomass input) when using ecoinvent in-

ventory data [13] and the evaluation method CML [14].

In order to test the hypothesis, a correlation equation has

to be determined. This is done by formulating a robust pro-

tocol for the harmonisation of the AP of hydrogen and

applying it to a number of case studies for which harmonised

carbon footprints are available. A high R2 score in the GWP/AP

linear regression analysiswould lead to accept the hypothesis.

Otherwise, the correlation would not be appropriate for the

estimation of harmonised AP and, therefore, LCA practi-

tioners should rely only on harmonised results coming from

the application of the robust protocol (and not of the linear

regression equation).

Harmonisation protocol

The harmonisation protocol for the AP of hydrogen energy

systems was developed following the same rationale as in the

previous protocols formulated for GWP [9] and CEDnr [10].

Hence, the harmonised system (Fig. 2) covered from feed-

stock/driving energy production, through conversion, to

hydrogen compression [15].

The protocol was divided into four blocks as detailed in

Fig. 3. The first block refers to the use of an attributional

modelling approach, and it also limits the applicability of the

protocol to those case studies in which AP (in kg SO2 eq) is

defined and quantified in accordance with the CML method

[14]. In this sense, despite European recommendations with

preference for accumulated exceedance [16], CML is clearly

the most common life cycle impact assessment method used

when evaluating the AP of hydrogen energy systems. A recent

review of LCA studies of hydrogen energy systems revealed

that more than 60% of the studies evaluating AP used the CML

method [8]. The focus of the study on the CMLmethod implies

that the limitations of this method when evaluating AP are

inherited by the harmonisation approach [12]. Regarding

system boundaries, a cradle-to-gate approach was set in

agreement with the subsystems defined in Fig. 2.

Because hydrogen production was set as the key function

of the system, the second block of the protocol defines the

harmonised functional unit (FU) as 1 kg of hydrogen produced

(purity above 99% vol). The third block deals with multi-

functionality in any of the considered subsystems, using

system expansion or economic allocation depending on the

role of the functional output actually linked to hydrogen (see

Fig. 3) [9,10]. For instance, when producing hydrogen through

gasification of residual biomass, economic allocation should

be applied ein the cultivation subsysteme between the main

crop and the residual biomass used to produce hydrogen. On

the other hand, system expansion should be used e.g. when

co-producing hydrogen and electricity in the conversion

subsystem.

The final block of the protocol deals with the inclusion of

capital goods and harmonises the hydrogen conditioning

stage (three-stage compression up to 20 MPa with 75% effi-

ciency and intercooling at 25 �C [10]). In this way, comparisons

between harmonised systems involve hydrogen with the

same final temperature and pressure. It should be noted that,

as the initial pressure ranges from 1 to 30 bar for the sample of

Fig. 1 e Correlation between global warming (GWP) and

acidification (AP) for renewable electricity.
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case studies presented later, the assumption of three-stage

intercooled compression can be considered an appropriate

approach [17].

Finally, the formulation of the protocol (Fig. 3) takes into

consideration the potential use of default values to increase

its applicability. Default values mean data whose use is ex-

pected only when more specific quantitative information is

not available for the LCA practitioner. They refer to (i) AP of

electricity production for different types of electricity that can

be involved at some point in the hydrogen energy system

(Table 1), (ii) electricity demand of the compression stage

calculated according to [17] assuming an initial pressure based

on [10] (Table 2), and (iii) AP of capital goods based on in-

ventory data retrieved from the ecoinvent database [18] (Table

3). The default AP values for power generation (Table 1) were

calculated using foreground data from the World Bank [19]

Fig. 2 e Definition of the harmonised hydrogen energy system.

Fig. 3 e Harmonisation protocol for the life-cycle acidification impact of hydrogen.
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and specific scientific literature [20,21] as well as background

data from the ecoinvent database [13] for implementation in

SimaPro 8 [22].

Sample of case studies

The harmonisation protocol was applied to a number of case

studies of renewable hydrogen that meet the requirements

inherent to the protocol (e.g., CML-based evaluation of AP) as

well as additional requirements related to (i) the availability of

a harmonised carbon footprint, and (ii) the avoidance of

biomass-based case studies due to the singularities caused by

CO2 uptake and the use of fertilisers (distorting the general

relationship between GWP and AP).

Starting from the sample of 71 case studies of renewable

hydrogenwith harmonised carbon footprint available in Ref. [9],

only 6 case studies were found to be suitable for the correlation

study[23e25].The twomainreasons for thehighnumberofnon-

harmonisable case studies were the complete lack of AP evalu-

ation and the lack of AP evaluation based on CML. The

harmonisable case studies for the correlation study between

GWP and AP are presented in Table 4. The reduced number of

case studiesmeans that the usefulness of the study is stronger if

the hypothesis is finally rejected, as the acceptance of the hy-

pothesis should be preferably based on a higher number of case

studies.

Results and discussion

Correlation study

The application of the protocol to the set of harmonisable case

studies leads to the harmonised AP results shown in Fig. 4.

This figure also shows the corresponding harmonised carbon

footprints as well as the regression line found in the correla-

tion study (forcing the intercept to zero).

In contrast to the actual relationship found in previous

studies for harmonised GWP and CEDnr [10], Fig. 4 clearly

shows that there is no correlation between GWP and AP for

hydrogen energy systems. A very low R2 score (<0.01) was

found in the linear regression analysis, which leads to reject

the initial hypothesis. In other words, the potential use of the

linear regression equation to estimate harmonised AP results

from harmonised carbon footprints was deemed highly

inappropriate. This was found to be closely linked to the high

influence of the hydrogen production subsystem's capital

goods on the life-cycle acidification performance of renewable

hydrogen case studies. Consequently, LCA practitioners

willing to provide harmonised AP results should rely on the

use of the protocol in Fig. 3 on a case-by-case basis.

Library of harmonised life-cycle indicators

Since the calculation of harmonised AP results was eventually

found to be subject to the case-by-case application of the

Table 1 e Default AP values for electricity production.

Criterion Region or source kg SO2 eq$kWh�1

Macro-regiona North Europe 2.26$10�4

Rest of Europe 2.29$10�3

Central and South

America

6.58$10�4

United States 5.21$10�3

Canada 6.98$10�4

China and India 9.24$10�3

Rest of the world 2.15$10�3

Non-renewable

sourceb
Coal 5.15$10�3

Natural gas 6.23$10�4

Oil 3.02$10�3

Nuclear 5.57$10�5

Renewable source Windb 5.25$10�5

Solarb 3.86$10�4

Hydropowerb 1.54$10�5

Biomassc 5.26$10�4

Geothermald 1.00$10�5

a Based on electricity production mixes from the World Bank [19]

and power generation technologies in the ecoinvent database

[13].
b Based on power generation technology mixes (international

scope) [13].
c Based on Gonz�alez-Garcı́a et al. [20].
d Based on Martı́n-Gamboa et al. [21].

Table 2 e Default values of initial hydrogen pressure (P1)
and electrical work per kg of hydrogen for compression
up to P2 ¼ 20 MPa (values based on [10]).

Technology P1 (MPa) Work (kWhe)

Electrolysis (advanced

alkaline, proton exchange

membrane)

2.0 1.18

High-temperature electrolysis

(solid oxide electrolyser cell)

0.2 2.65

Pressure swing adsorption 2.2 1.13

Other (assume standard

conditions)

0.1 3.16

Table 3 e Default AP values for capital goods according to
the type of plant.

Stage Type AP

Hydrogen production

and conditioning

Electrochemical

plant

5.46$10�4 kg SO2

eq$kg�1 H2

Rest of plants 9.77$10�4 kg SO2

eq$kg�1 H2

Feedstock production Tap water 3.40$10�7 kg SO2

eq$kg�1 feedstock

Enriched uranium 7.34$10�1 kg SO2

eq$kg�1 feedstock

From mining

(solid)

2.28$10�4 kg SO2

eq$kg�1 feedstock

From mining

(gas)

2.19$10�4 kg SO2

eq$kg�1 feedstock

From cultivation

(wet)

1.00$10�4 kg SO2

eq$kg�1 feedstock

Electricity production Rest of plants 1.05$10�4 kg SO2

eq$kWhe
�1

From grid mix 4.04$10�3 kg SO2

eq$kWhe
�1

Renewable

power plant

3.48$10�5 kg SO2

eq$kWhe
�1

Nuclear 1.37$10�5 kg SO2

eq$kWhe
�1
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protocol (instead of using the linear regression equation), the

list of harmonisable case studies could be enlarged by

removing the avoidance of biomass-based case studies. Thus,

16 additional case studies of renewable hydrogen were

harmonised [26e34]. They are presented in Table 5 along with

the reference case study of SMR-H2 [29].

As a result of the step-by-step application of the harmo-

nisation protocol, Table 6 constitutes the extended library of

harmonised life-cycle indicators of SMR and renewable

hydrogen. For the first time, three harmonised life-cycle in-

dicators of hydrogen are included: GWP [9], CEDnr [10], and AP.

The key strength of the use of harmonised values is that it

mitigates misinterpretation concerns that could arise when

comparing the life-cycle performance of different hydrogen

options. Focusing on the AP indicator, Fig. 5 shows the

harmonised and the original AP values of hydrogen relative to

the harmonised AP of the SMR case (1.86$10�2 kg SO2 eq kg�1

H2). Overall, the application of the protocol shows a significant

influence on the AP results, with an average absolute variation

of 14% between the original and the harmonised impacts. In

particular, this variation was found to be more noticeable e

average difference of 20%e for the thermochemical case

studies (i.e., those in Table 5). On the other hand, the elec-

trochemical case studies (i.e., those in Table 4) showed an

average variation below 5%. Beyond the different nature of the

inputs involved in thermochemical and electrochemical sys-

tems, the key motivation for this behaviour is the significant

discrepancy between the original and the harmonised meth-

odological choices when addressing thermochemical case

studies (in contrast to a high level of agreement when

addressing electrochemical case studies).

Regarding potential misinterpretation, some examples are

highlighted for illustrative purposes. For instance, this occurs

when comparing the case studies of renewable hydrogen R9,

R10, R16, R20 and R22 with conventional SMR-H2 (Fig. 5). Ac-

cording to the original AP values, these renewable options

show a similar or slightly worse performance than SMR-H2.

However, their harmonised AP results indicate a significantly

better AP performance than SMR-H2. In this respect, the

application of the protocol is considered to lead to a more

robust interpretation due to the avoidance of inconsistencies

linked to relevant methodological differences in terms of
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Fig. 4 e Linear regression between GWP and AP according

to harmonised values.
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multifunctionality approach (e.g., inconsistent use of system

expansion and economic allocation), system boundaries

(mainly regarding the inconsistent inclusion of capital goods

and hydrogen compression), and final hydrogen conditions

(differences in pressure and/or temperature).

Despite the fact that the case studies of electrochemical

hydrogen (R1-R6) were less affected by the harmonisation

protocol (similar original and harmonised AP values), poten-

tial misinterpretation concerns do arise when comparing

renewable options. For instance, the comparison of R3 and

R18 ewhich involve different final hydrogen conditions in the

original case studiese shows a better AP performance of R18

based on the original values, but the conclusion is reversed

when using the harmonised values.

Finally, regarding the technical features of renewable

hydrogen, it was observed that electrochemical hydrogen is

generally associated with a favourable performance in terms

of not only AP but also GWP and CEDnr (Table 6). On the other

hand, because the use of fertilisers is a key source of acidifi-

cation, thermochemical hydrogen involving intensive culti-

vation is associated with unfavourable AP performances,

despite potentially significant GWP benefits thanks to CO2

uptake during biomass growth. It should be noted that the

possibility of co-producing electricity, especially in regions

with a high contribution of fossil resources to the production

mix, can significantly improve the life-cycle performance of
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Table 6 e Library of harmonised life-cycle indicators of
SMR-H2 and renewable hydrogen (values per kg H2).

Case study code GWP (kg
CO2 eq)

CEDnr

(MJ)
AP (kg SO2

eq)

SMR (steam methane

reforming)

11.43 200.95 1.86$10�2

R1 (high-temperature water

electrolysis)

0.63 8.07 2.40$10�3

R2 (high-temperature water

electrolysis)

0.81 11.46 3.27$10�3

R3 (alkaline water electrolysis) 0.73 n/a 4.15$10�3

R4 (alkaline water electrolysis) 0.68 n/a 3.05$10�3

R5 (alkaline water electrolysis) 0.68 n/a 3.05$10�3

R6 (alkaline water electrolysis) 0.77 8.71 2.23$10�3

R7 (biomass gasification) 6.98 n/a 9.29$10�2

R8 (biomethane reforming) 7.72 n/a 1.24$10�1

R9 (biomethane reforming) 4.40 n/a 1.49$10�2

R10 (biomass gasification) 2.09 41.86 1.72$10�2

R11 (biomethane reforming) 5.80 n/a �4.40$10�2

R12 (biomethane autothermal

reforming)

5.79 n/a �3.81$10�2

R13 (biomethane partial

oxidation)

5.88 n/a �3.71$10�2

R14 (bioethanol reforming) 10.36 n/a 5.61$10�2

R15 (bioethanol autothermal

reforming)

9.94 n/a 5.38$10�2

R16 (biomass gasification) 0.18 25.36 1.45$10�2

R17 (bio-oil reforming) 5.24 114.66 7.27$10�2

R18 (bioethanol and methane

reforming)

5.04 n/a 7.02$10�3

R19 (bioethanol reforming) 11.78 n/a 2.56$10�2

R20 (biomass gasification) 4.16 n/a 1.63$10�2

R21 (biomass gasification) �24.19 n/a 2.01$10�2

R22 (biomass gasification) �0.47 n/a 9.62$10�3
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the hydrogen energy systems. Moreover, in those systems

including anaerobic digestion of residual substrates for biogas

production, the use of the digestate as a replacement for fer-

tilisers potentially leads to negative AP values, i.e. desired

acidification impacts.

Conclusions

Even though renewable energy systems usually show a high

correlation between life-cycle global warming and acidifica-

tion impacts, hydrogen energy systems were found to be an

exception. This fact prevents analysts from easily estimating

the (harmonised) acidification impact of hydrogen using

available (harmonised) carbon footprints. Nevertheless, a

robust protocol for harmonising AP on a case-by-case basis is

now available along with an extended library of harmonised

life-cycle indicators (GWP, CEDnr, and AP) of SMR and

renewable hydrogen. The use of these harmonised indicators

mitigates potential misinterpretation concerns in compara-

tive LCA of hydrogen energy systems.
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Cumulative Energy Demand
of Hydrogen Energy Systems

Antonio Valente, Diego Iribarren and Javier Dufour

Abstract Hydrogen energy systems are expected to play a significant role in
achieving a sustainable energy sector. This requires that sustainable hydrogen
options are actually available and implemented. In order to check the suitability of
hydrogen under sustainability aspects, the life cycle assessment methodology is
often used. In particular, global warming (i.e., carbon footprint) and cumulative
energy demand (CED or energy footprint) are among the most common life-cycle
indicators evaluated for hydrogen energy systems. This chapter provides a complete
library of consistent (i.e., harmonised) CED values for a high number of hydrogen
production options belonging to different technological categories (thermochemical,
electrochemical, and biological). Overall, 71 case studies of renewable hydrogen
are benchmarked—in terms of CED—against the reference case of conventional
(fossil-based) hydrogen from steam reforming of natural gas. Furthermore, a cor-
relation equation between CED and carbon footprint is calculated and applied for
the estimation of harmonised CED values. The use of harmonised values allows
sound comparisons by mitigating the risk of misinterpretation. The results show that
electrochemical hydrogen generally performs better than thermochemical hydrogen,
while biological systems show a high dispersion of values. Especially, the use of
wind power as the driving energy for electrochemical hydrogen production tends to
be associated with a favourable performance.
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1 Introduction

To date, fossil fuels dominate the energy outlook. However, the growing energy
demand and the increasing socio-environmental concerns make the decarbonisation
of energy sources a priority. Hence, within this context of unsustainability of the
energy sector, low-carbon energy options are required to meet the global energy
demand.

In particular, the production of energy from fossil or nuclear fuels presents
significant concerns from the environmental standpoint. While fossil fuels represent
one of the first causes of global warming (due to greenhouse gas emissions) and
acidification (due to the release of sulphur dioxide), nuclear fuels raise concerns
about safety and contamination of soil and groundwater due to radioactive waste
management.

On the other hand, renewable energy has great potential all over the world to
satisfy the needs of industrial, residential and transport sectors. Many benefits can
be gained from the use of renewable sources under environmental, economic and
health aspects. Since these energy sources are renewed through cycles much shorter
than those of non-renewable fuels, they are considered inexhaustible. Their use can
significantly contribute to national energy security by reducing dependence on
foreign energy suppliers. Furthermore, it promotes economic development with
positive consequences on employment.

Nevertheless, there are disadvantages associated with renewable energy tech-
nologies, such as a lower efficiency when compared to conventional technologies.
Intermittency is another relevant issue, which potentially affects their continuous
availability both throughout the day and along seasons. Given the desired stability
in energy availability, the storage of surplus renewable energy (i.e., exceeding the
demand) is a crucial issue widely discussed by the scientific community.

Many energy carriers are proposed in the literature, each one with its advantages
and drawbacks. Among the most promising ones, hydrogen has been gaining
growing attention thanks to its high potential for use in mobility or stationary
applications. Nonetheless, hydrogen is still mainly used for non-energy purposes
such as ammonia production or use in metallurgy (Dincer 2012).

Key advantages of hydrogen are:

• high energy content per mass unit;
• water as the only product of its oxidation;
• production through many technological pathways;
• production can take place without geographical limitations;
• it can be produced from different energy sources.

In contrast, several issues have to be taken into account for hydrogen tech-
nologies, in particular:

• low energy content per volume unit;
• lack of an adequate infrastructure for distribution;
• difficulties in hydrogen storage;
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• social acceptance (being a new paradigm);
• relatively high production costs;
• as it is not directly available in pure form, hydrogen needs to be separated from

its carrier (water, biomass, hydrocarbons) through technological pathways with
a high energy demand.

Many of these strengths and weaknesses refer to different stages of the life cycle
of hydrogen (raw material production, hydrogen production, storage, distribution,
and use). Hence, when checking the techno-environmental performance of hydro-
gen energy systems, a life-cycle perspective needs to be followed. In this sense,
Life Cycle Assessment (LCA) is a standardised methodology widely used to
comprehensively evaluate the environmental performance of product systems
(International Organization for Standardization 2006a, b). Through LCA, it is
possible to evaluate a wide range of environmental issues, e.g. carbon footprint,
energy footprint, acidification, etc. LCA is broadly applied to evaluate hydrogen
energy systems (Valente et al. 2017a).

When a life-cycle perspective is used in the energy footprint assessment, a
significant non-renewable energy demand could be found even for systems declared
renewable. In this respect, the life-cycle energy footprint (or cumulative energy
demand, CED) is seen as a useful screening indicator not only to understand the
technical performance of a system but also to crosscheck its environmental per-
formance. In fact, it is commonly linked to other environmental indicators such as
the global warming impact potential (GWP or carbon footprint), especially in
energy systems (Huijbregts et al. 2006).

For these reasons, this chapter focuses on the evaluation of the cumulative
non-renewable energy demand (CEDnr) of hydrogen produced through different
pathways. Emphasis is laid on renewable hydrogen energy systems and their
benchmarking against conventional (fossil-based) hydrogen in terms of energy
footprint. Given the comparative nature of the benchmarking study, special atten-
tion is paid to the mitigation of the misinterpretation risk associated with incon-
sistent methodological choices in comparative LCA (Valente et al. 2017a).
Therefore, this chapter takes into account current LCA harmonisation initiatives
(Valente et al. 2017b, 2018a, b) in order to provide consistent energy footprints of
alternative hydrogen options. Figure 1 shows the roadmap of the chapter.

2 Materials and Methods

The goal of this chapter is to robustly frame the range of hydrogen energy options
by providing the to-date most complete library of harmonised life-cycle energy
footprints of hydrogen. With this aim, a large set of LCA case studies of hydrogen
is needed. As shown in Fig. 2, the starting point is the extensive review of LCA
studies of hydrogen energy systems performed by Valente et al. (2017a). Then a
screening of the involved case studies is performed, followed by the definition of a
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harmonisation framework dealing with the methodological choices behind the
evaluation of carbon footprint (GWP) and energy footprint (CEDnr). Provided that a
strong correlation is found between these two indicators, one indicator could be
estimated from the other by simply applying a correlation equation. The final
outcome of the work is an extensive library of robust energy footprints of hydrogen.

2.1 Review of LCA Studies

As defined in the standards (International Organization for Standardization 2006a,
b), the LCA methodology involves four main stages. In the first one—goal and
scope definition–, key aspects such as the objectives of the study, its restrictions and
assumptions, the functional unit and system boundaries are addressed.

Fig. 1 Structure of the chapter
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Life cycle inventory analysis is the second stage. In this stage, input and output
flows of materials and energy are quantified for the system under study.
Furthermore, for those systems presenting more than one product or function,

Fig. 2 Procedure followed to build the library of harmonised energy footprints
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the distribution of inventory data between functions has to be addressed. In par-
ticular, system expansion considers the additional functions as substitutes for the
conventional ones, whose environmental burdens are avoided. On the other hand,
the use of allocation approaches involves the distribution of inventory data between
functions according to physical or other relationships (e.g., mass, energy or eco-
nomic allocation). In this regard, LCA standards prioritise process subdivision and
system expansion over the use of allocation approaches.

Three mandatory phases are involved in the third step (life cycle impact
assessment, LCIA): (i) selection of impact categories, indicators and characterisa-
tion models; (ii) classification to associate inventory data with impact categories;
and (iii) characterisation to provide the values of the category indicators.

Finally, the fourth stage of LCA is results interpretation, which summarises and
discusses the results of the analysis in accordance with the goal and scope of the
study.

The extensive review performed by Valente et al. (2017a) focuses on method-
ological choices in LCA of hydrogen energy systems. The review reports an
increasing interest in this field for both hydrogen production and hydrogen use in
mobility and stationary applications. A sample of 509 case studies was analysed,
finding that most of the authors consider thermochemical (mainly reforming and
gasification) or electrochemical (water electrolysis) hydrogen-production tech-
nologies. In contrast, few authors address biological hydrogen production methods
(fermentation and bio-photolysis).

Regarding thermochemical studies, since steam methane reforming (SMR) is
commonly used as the reference technology for comparative purposes, natural gas
is the most common feedstock considered (conventional hydrogen donor), ahead of
biomass. Concerning electrochemical hydrogen, the most typical electricity sources
considered for water electrolysis are wind power, grid electricity, and photovoltaic
power. Finally, for the biological category, microalgae arise as the most common
hydrogen donor considered.

Overall, about 30% of the case studies involve renewable hydrogen production,
i.e. a renewable feedstock and renewable power sources (driving energy) for the
conversion process.

Regarding LCA methodological aspects, 45% of the case studies include the
hydrogen use stage in the system’s boundaries (cradle-to-grave approach), while 20%
of the case studies consider hydrogen storage (mainly compressed) as the final stage.

Around 20% of the reviewed case studies deal with systems presenting more
than one product, i.e. multifunctional systems. In this regard, electricity, animal
fodder and heat are the main products involved in addition to hydrogen. System
expansion is the main methodological approach followed when facing multifunc-
tionality, thus discounting the avoided burdens associated with the co-products.

As regards environmental impact categories, Fig. 3 shows those most commonly
evaluated in LCA studies of hydrogen energy systems. Out of more than 50 impact
categories found in the reviewed literature, the four categories included in Fig. 3
(viz., carbon footprint, energy footprint, acidification, and eutrophication) are the
only ones with a number of occurrences above 30.
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Since global warming represents a key concern when evaluating the environ-
mental performance of a system, GWP (i.e., carbon footprint) clearly arises as the
most common impact category evaluated, being included in almost all the reviewed
studies. Another highly relevant impact category is the cumulative energy demand
(CED, typically expressed in MJ), which is understood as the energy footprint since
it quantifies the total primary energy input of a product system. This energy foot-
print can refer to the total CED or to sub-components such as fossil CED, nuclear
CED, non-renewable CED, renewable CED, etc. Regarding LCIA methods, IPCC
(Myhre et al. 2013) and VDI (2012) are the methods typically used to evaluate
GWP and CED, respectively. Other relevant categories such as acidification are
evaluated mainly through the CML method (Guinée et al. 2001).

Within this context, when comparing the life-cycle results reported in different
studies for alternative hydrogen options, it is crucial to pay attention to the
methodological choices made in each analysis. In other words, there is a need for
consistent choices when comparing LCA case studies. This need is the core of the
harmonisation initiative for LCA of hydrogen (Valente et al. 2017b, 2018a, 2018b).

2.2 Overview of Harmonisation Initiatives

Even though LCA is a standardised methodology, practitioners are relatively free to
make their own choices on different methodological aspects such as functional unit,
system boundaries, multifunctionality approach, LCIA method, etc. On the one
hand, this flexibility represents a strength of the methodology by facilitating its
adaptation to different situations of e.g. data availability. On the other hand, it gives
rise to misinterpretation risk due to concerns about the actual comparability of case
studies even when evaluating the same product. In this regard, when the goal of the
analysis is a comparison of different options, the methodological choices made to
evaluate the impacts of the systems under study need to be homogeneous. In this
situation, in order to mitigate misinterpretation, the harmonisation of method-
ological choices is essential.

Fig. 3 Main life-cycle
impact categories evaluated
for hydrogen energy systems
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The FC-HyGuide (Lozanovski et al. 2011) offers specific guidelines for LCA
practitioners willing to evaluate hydrogen production systems. This guide provides
relevant recommendations e.g. regarding the specification of final hydrogen con-
ditions (pressure, temperature, and purity). In this respect, a key requirement for
comparative LCA studies is that the comparison between different hydrogen pro-
duction systems shall be carried out considering the same hydrogen conditions.

Beyond (and in agreement with) general ISO recommendations (International
Organization for Standardization 2006a, b), specific recommendations provided by
the FC-HyGuide document (Lozanovski et al. 2011) and the main trends observed
in the specific LCA literature (Valente et al. 2017a), there are hydrogen-specific
protocols to harmonise life-cycle indicators. To date, these protocols deal with
GWP (Valente et al. 2017b), CEDnr (Valente et al. 2018a), and acidification
(2018b). They have already been applied to conventional hydrogen from SMR as
well as to a wide range of renewable hydrogen options found in the scientific
literature, making available a library of harmonised indicators for robust bench-
marking and comparative studies.

The LCA harmonisation protocols for hydrogen are based on consistent
methodological choices for a common hydrogen production framework (Fig. 4).
Each protocol provides specific instructions for its step-by-step application, dis-
tinguishing four main blocks. The first block defines the LCIA method, the general
modelling approach, and (partly) system boundaries. The second block sets the
functional unit, while the third one deals with the multifunctionality approach.
Finally, the fourth block defines the final pressure of hydrogen and completes the
system’s boundaries by adding the compression stage and capital goods (when
needed).

Except for the conditioning stage, for which a default hydrogen compression
technique is considered, the available protocols rely on the original technical

Fig. 4 Harmonised hydrogen production system
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choices found in the specific case study under harmonisation. Therefore, the har-
monisation exercise tends to preserve the technological features defined by the
original authors. For instance, when calculating the harmonised impacts, the same
type of electricity originally considered is consistently applied to add the impacts
from compression, as well as to discount the burdens avoided from the electricity
co-produced (when needed). Non-methodological features such as capacity, feed-
stock, geographical scope, etc. are thus retained.

When performing case-by-case comparisons of the carbon/energy/acidification
footprint of hydrogen, the use of harmonised life-cycle indicators has already
proven to mitigate misinterpretation concerns (Valente et al. 2018b). Hence, this
chapter relies on the use of harmonised values in order to appropriately benchmark
hydrogen options in terms of energy footprint.

2.3 Estimation of Harmonised CEDnr

When focusing on GWP and CEDnr of energy systems, a high correlation is
expected between these two life-cycle indicators (Huijbregts et al. 2006). In other
words, it can be claimed that the non-renewable energy footprint of an energy
product is largely responsible for its carbon footprint. In the specific case of
hydrogen, this relationship has been verified by Valente et al. (2018a) using har-
monised values.

The actual correlation between two life-cycle indicators would enable analysts to
estimate one indicator from the other by simply applying a correlation equation. In
fact, this idea has recently been explored using acidification and GWP as life-cycle
indicators (Valente et al. 2018b). Despite the correlation generally expected
between these indicators for energy production processes (Huijbregts et al. 2006),
Valente et al. (2018b) found that the idea of estimating acidification from GWP (or
vice versa) should be rejected when dealing with (renewable) hydrogen energy
systems due to the lack of correlation.

However, the situation is completely different when focusing on the correlation
between GWP and CEDnr. In this regard, a strong correlation between these two
indicators has already been reported in Valente et al. (2018a). Consequently, this
chapter not only uses the existing library of harmonised CEDnr of hydrogen
(Valente et al. 2018a), but it also enlarges this library by determining a GWP/CEDnr

correlation equation and using it to estimate harmonised energy footprints from
available harmonised carbon footprints.

2.4 Sample of Case Studies

This section presents the sample of case studies of hydrogen energy systems for
which robust values of the CEDnr indicator are provided later (Sect. 3). The sample
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is divided into three main technological categories: thermochemical (Table 1),
electrochemical (Table 2), and biological (Table 3). It should be noted that, in
addition to the case studies of thermochemical renewable hydrogen, Table 1 also
includes the reference case study of steam reforming of natural gas (SMR) as the
conventional non-renewable hydrogen energy system. Therefore, the final number
of case studies in the whole sample is 72 (71 renewable + 1 fossil). The different

Table 1 Case studies of hydrogen within the thermochemical category

Code Original reference Hydrogen production process

SMR Susmozas et al. (2013) Steam reforming of natural gas (reference case study)

TC1 Dufour et al. (2012) NiFe2O4 thermochemical cycle (heat from solar
concentrator)

TC2 Dufour et al. (2012) ZnO thermochemical cycle (heat from solar concentrator)

BR1 Hajjaji et al. (2013) Bioethanol reforming (from wheat grains fermentation)

BR2 Marquevich et al.
(2002)

Bio-oil reforming (rape-seed oil)

BR3 Marquevich et al.
(2002)

Bio-oil reforming (palm oil)

BR4 Authayanun et al.
(2015)

Bioethanol (56%) + CH4 (44%) reforming (from cassava
fermentation)

BR5 Authayanun et al.
(2015)

Bioethanol reforming (from cassava fermentation)

BR6 Hajjaji et al. (2013) Autothermal reforming of bioethanol (from wheat grains
fermentation)

BR7 Hajjaji et al. (2013) Autothermal reforming of biomethane (from anaerobic
digestion of cattle manure)

BR8 Wulf and Kaltschmitt
(2013)

Biomethane reforming (from anaerobic digestion of
non-food waste)

BR9 Wulf and Kaltschmitt
(2013)

Biomethane reforming (from anaerobic digestion of
German substrate mix)

BR10 Hajjaji et al. (2016) Biogas reforming (from anaerobic digestion of farm
waste)

BR11 Hajjaji et al. (2013) Biomethane reforming (from anaerobic digestion of cattle
manure)

BR12 Heracleous (2011) Bio-oil reforming (from fast pyrolysis of wood chips)

BR13 Heracleous (2011) Bio-oil reforming (from fast pyrolysis of willow)

BR14 Susmozas et al. (2015) Bio-oil reforming (from fast pyrolysis of poplar)

BR15 Hajjaji et al. (2013) Partial oxidation of biomethane (from anaerobic digestion
of cattle manure)

BG1 Iribarren et al. (2014) Biomass gasification (short-rotation poplar)

BG2 Wulf and Kaltschmitt
(2013)

Biomass gasification (willow)

BG3 Wulf and Kaltschmitt
(2012)

Biomass gasification (wood chips)

BG4 Susmozas et al. (2013) Biomass gasification (poplar)
(continued)
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Table 1 (continued)

Code Original reference Hydrogen production process

BG5 Weinberg and
Kaltschmitt (2013)

Biomass gasification (woody biomass)

BG6 Simons and Bauer
(2011)

Biomass gasification (woody biomass)

BG7 Martín-Gamboa et al.
(2016)

Biomass gasification (grape pruning waste)

BG8 Koroneos et al. (2008) Biomass gasification (woody biomass)

BG9 Susmozas et al. (2016) Biomass gasification + CO2 capture (short-rotation
poplar)

Table 2 Case studies of hydrogen within the electrochemical category

Code Original reference Hydrogen production process

AE1 Ramos Pereira and
Coelho (2013)

Alkaline electrolysis (wind power)

AE2 Granovskii et al.
(2006)

Alkaline electrolysis (wind power)

AE3 Spath and Mann
(2004)

Alkaline electrolysis (wind power)

AE4 Granovskii et al.
(2007)

Alkaline electrolysis (wind power)

AE5 Khan et al. (2005) Alkaline electrolysis (wind power)

AE6 Miotti et al. (2017) Alkaline electrolysis (wind power)

AE7 Cetinkaya et al.
(2012)

Alkaline electrolysis (wind power)

AE8 Simons and Bauer
(2011)

Alkaline electrolysis (wind power)

AE9 Koj et al. (2015) Alkaline electrolysis (asbestos membrane; wind power)

AE10 Koj et al. (2015) Alkaline electrolysis (advanced membrane; wind power)

AE11 Koj et al. (2015) Alkaline electrolysis (advanced membrane; wind power)

AE12 Suleman et al.
(2015)

Alkaline electrolysis (NaCl cell; wind power)

AE13 Lee et al. (2010) Alkaline electrolysis (wind power)

AE14 Biswas et al. (2013) Alkaline electrolysis (wind power)

AE15 Koroneos et al.
(2004)

Alkaline electrolysis (wind power)

AE16 Simons and Bauer
(2011)

Alkaline electrolysis (PV power)

AE17 Cetinkaya et al.
(2012)

Alkaline electrolysis (PV power)

AE18 Ramos Pereira and
Coelho (2013)

Alkaline electrolysis (PV power)

AE19 Granovskii et al.
(2006)

Alkaline electrolysis (PV power)

(continued)
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Table 2 (continued)

Code Original reference Hydrogen production process

AE20 Granovskii et al.
(2007)

Alkaline electrolysis (PV power)

AE21 Suleman et al.
(2015)

Alkaline electrolysis (NaCl cell; PV power)

AE22 Koroneos et al.
(2004)

Alkaline electrolysis (PV power)

AE23 Lombardi et al.
(2011)

Alkaline electrolysis (PV power)

AE24 Koroneos et al.
(2004)

Alkaline electrolysis (concentrated solar power)

AE25 Simons and Bauer
(2011)

Alkaline electrolysis (concentrated solar power)

AE26 Simons and Bauer
(2011)

Alkaline electrolysis (hydropower)

AE27 Valente et al. (2015) Alkaline electrolysis (hydropower)

AE28 Koroneos et al.
(2004)

Alkaline electrolysis (hydropower)

AE29 Lombardi et al.
(2011)

Alkaline electrolysis (mini-hydropower)

AE30 Koroneos et al.
(2004)

Alkaline electrolysis (biomass gasification power)

AE31 Mori et al. (2014) Alkaline electrolysis (renewable power)

AE32 Wulf and
Kaltschmitt (2012)

Alkaline electrolysis (renewable power)

PE1 Reiter and Lindorfer
(2015)

PEM electrolysis (wind power)

PE2 Reiter and Lindorfer
(2015)

PEM electrolysis (PV power)

HE1 Patyk et al. (2013) High-temperature alkaline electrolysis (wind power)

HE2 Patyk et al. (2013) High-temperature alkaline electrolysis (intermittent wind
power)

HE3 Patyk et al. (2013) High-temperature alkaline electrolysis (intermittent wind
power with biogas reforming back-up)

Table 3 Case studies of hydrogen within the biological category

Code Reference Hydrogen production process

DF1 Manish and Banerjee (2008) Dark fermentation (sugarcane)

DF2 Pacheco et al. (2015) Dark fermentation (microalgae)

DF3 Pacheco et al. (2015) Dark fermentation (microalgae)

PF1 Manish and Banerjee (2008) Photo-fermentation (sugarcane)

TF1 Djomo and Blumberga (2011) Two-stage fermentation (wheat straw)

TF2 Djomo and Blumberga (2011) Two-stage fermentation (potato peels)

TF3 Djomo and Blumberga (2011) Two-stage fermentation (sweet sorghum stalk)

TF4 Manish and Banerjee (2008) Two-stage fermentation (sugarcane)
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hydrogen production technologies involved in the study are summarised in Fig. 5
and further described in Tables 4, 5 and 6.

Within the thermochemical category (26 renewable case studies; Table 1),
biofuel reforming (BR1–BR15) is found to be the most common technology
involved, with bio-oil, biomethane and bioethanol as the most typical biofuels.
Furthermore, a significant number of case studies address biomass gasification
(BG1–BG9), while only two case studies tackle thermochemical cycles driven
by renewable energy (TC1 and TC2). The main feedstock considered is
second-generation biomass based on lignocellulosic or waste matter. Fewer studies

Fig. 5 Hydrogen production technologies involved in the study
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Table 4 Description of the hydrogen production technologies involved in the study: thermo-
chemical hydrogen

Technology Description

Steam reforming Endothermic process. Water in the form of steam is used to oxidise the
carbon contained in the feedstock (liquid or gaseous fuel)

Partial oxidation Exothermic process. Oxygen below the stoichiometric ratio is used to
oxidise the carbon contained in the feedstock (liquid or gaseous fuel)

Autothermal
reforming

Combination of steam reforming and partial oxidation technologies: the
partial oxidation of the feedstock provides the heat demanded by the
steam reforming process

Gasification Conversion of a carbonaceous feedstock into syngas at elevated
temperature in a gasification medium such as air, oxygen, and/or steam

Thermochemical
cycles

Thermal dissociation of water in a sequence of reactions comprising
different chemical reactants that are recovered at the end of the cycle. The
required temperature is significantly lower than for the thermal
decomposition of water in a single step

Table 5 Description of the hydrogen production technologies involved in the study: electro-
chemical hydrogen

Technology Description

Alkaline water
electrolysis

Dissociation of water into ions in an alkaline electrolytic solution at
temperature below 80 °C (low-temperature electrolysis) under the
effect of a direct current supplied to the electrodes

PEM water
electrolysis

Dissociation of water into ions at temperature below 80 °C
(low-temperature electrolysis) under the effect of a direct current
supplied to the electrodes. The anode and the cathode are separated by
a polymeric membrane as the electrolyte (acid), which allows the
cationic exchange between the electrodes while preventing electron
exchange

High-temperature
electrolysis

Temperatures within the range 600–1000 °C are needed (e.g., solid
oxide electrolysis and molten carbonate electrolysis). Reduced
electricity consumption by using heat in order to meet the energy
demand of the process

Table 6 Description of the hydrogen production technologies involved in the study: biological
hydrogen

Technology Description

Dark fermentation Anaerobic bacteria are used to produce hydrogen and organic acids from
glucose in dark conditions

Photo-fermentation Photosynthetic bacteria are involved, which convert organic acids into
hydrogen and CO2 under the catalytic action of nitrogenase with
anaerobic conditions, neutral pH, and mesophilic temperature range

Two-stage
fermentation

Dark- and photo-fermentation are combined in sequence in order to
reach higher yields of hydrogen
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consider first-generation biomass or water (the latter is used as the hydrogen carrier
in thermochemical cycles).

The electrochemical category involves 37 case studies of renewable hydrogen
(Table 2). Alkaline water electrolysis clearly dominates this technological category
(cases AE1–AE32 and three case studies of high-temperature alkaline electrolysis,
HE1–HE3), while only two case studies consider proton exchange membrane
(PEM) water electrolysis (PE1 and PE2). The most common source of electricity is
found to be wind power, and a significant number of case studies consider pho-
tovoltaic (PV) electricity. Other types of electricity considered are hydropower,
concentrated solar power, and electricity from biomass.

With regard to biological hydrogen (Table 3), a low number of case studies is
found in the literature. Hence, only eight case studies are considered in this chapter.
All of them involve fermentative processes, which can be further classified into
dark-fermentation (DF1–DF3), photo-fermentation (PF1), and two-stage fermen-
tation (TF1–TF4).

2.5 Contextualisation within IEA HIA Task 36

The harmonisation of life-cycle indicators of hydrogen energy systems is framed
within Task 36 of the International Energy Agency (IEA) Hydrogen Implementing
Agreement (HIA): “Life Cycle Sustainability Assessment of Hydrogen Energy
Systems”. During the period 2015–2017, the goal of this task was to facilitate
decision-making in the hydrogen energy sector by providing a robust and com-
prehensive methodological framework for the sustainability assessment of hydro-
gen energy systems (Dufour et al. 2015). Experts from five different countries
(Spain, Germany, Japan, Norway, and Italy) worked within the framework of
IEA HIA Task 36, which involved four sub-tasks as detailed in Fig. 6.

Overall, addressing the challenge of developing a consistent life cycle sustain-
ability assessment framework for hydrogen energy systems involves clear oppor-
tunities to enhance decision-making processes at the level of both industry and
policy-makers. In addition to enable a thorough identification of specific sustain-
ability hotspots, such a methodological framework could help hydrogen economy
actors anticipate, check and prove the suitability of their hydrogen energy solutions
according to the criteria required by current and future policies.

3 Results

Overall, this section provides a broad collection of robust (i.e., harmonised) CEDnr

values for the case studies presented in Tables 1, 2 and 3.
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3.1 Correlation Equation for the Estimation of CEDnr

From the whole sample of case studies, 50 of them do not report the evaluation of
CEDnr, and therefore the corresponding harmonised values cannot be calculated
through the step-by-step application of the protocol. For these case studies, as
explained in Sect. 2.3, it is necessary to estimate their harmonised energy footprint
from their harmonised carbon footprint (which is available for all the case studies
within the sample) using a correlation equation between CEDnr and GWP. This
section presents the definition of such a correlation equation.

The harmonised CEDnr values provided in Valente et al. (2018a) and the cor-
responding harmonised carbon footprints reported in Valente et al. (2017b) are used
herein to determine the equation that links GWP and CEDnr. In this respect, the
linear regression analysis in Fig. 7 conveniently shows a high correlation between
GWP and CEDnr (R

2 = 0.92). Hence, the correlation equation shown in Fig. 7 can
be used to estimate the harmonised CEDnr values in those case studies in which
non-renewable energy footprints—unlike carbon footprints—are not reported.

Fig. 6 IEA HIA Task 36 structure
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3.2 Library of Energy Footprints and Robust Comparison
with Conventional Hydrogen

In this section, the harmonised energy footprints of a wide range of hydrogen
options are reported by technological category. The use of these values rather than
the original (i.e., non-harmonised) ones is considered to lead to more robust
comparisons by mitigating the risk of misinterpretation.

3.2.1 Harmonised Energy Footprint of Thermochemical Hydrogen

Within the thermochemical category, 26 case studies of renewable hydrogen are
included, as well as that of conventional, fossil-based hydrogen from SMR (ref-
erence case study). Table 7 reports the corresponding library of harmonised
non-renewable energy footprints, distinguishing calculated and estimated CEDnr

values. While 9 of the 27 case studies present CEDnr values coming from the direct
application of the harmonisation protocol (Valente et al. 2018a), the remaining 18
harmonised values are estimated through the application of the correlation equation
determined in Sect. 3.1.

Fig. 7 Correlation between the carbon footprint and the non-renewable energy footprint of
hydrogen
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The harmonised values of thermochemical hydrogen range from −44 MJ (BG9)
to 242 MJ (BG6). BG9 addresses hydrogen production from poplar gasification
involving a CO2 capture system (CO2 as an avoided product), while BG6 involves
gasification of dedicated energy crops without any co-product. According to
Table 7, the average CEDnr value for the renewable thermochemical category is
112 MJ, i.e. about 56% of the non-renewable energy footprint of conventional
hydrogen from SMR.

Figure 8 shows the CEDnr results for renewable thermochemical hydrogen in
relative terms with respect to the CEDnr value of the reference case (SMR). In this
sense, all those case studies with a value lower than 1 perform better than SMR in
terms of non-renewable energy footprint. With the aim of facilitating the

Table 7 Library of
harmonised CEDnr of
thermochemical hydrogen

Case study code CEDnr
a (MJ∙kg−1

H2)
CEDnr

b (MJ∙kg−1

H2)

SMR 200.9 –

TC1 – 127.7

TC2 – 125.6

BR1 – 191.7

BR2 – 137.7

BR3 – 100.0

BR4 – 93.1

BR5 – 214.0

BR6 – 184.1

BR7 – 109.6

BR8 – 130.9

BR9 – 135.2

BR10 98.2 –

BR11 – 109.9

BR12 111.2 –

BR13 114.0 –

BR14 114.7 –

BR15 – 111.4

BG1 41.9 –

BG2 – 84.8

BG3 – 63.0

BG4 25.4 –

BG5 – 80.7

BG6 – 241.9

BG7 3.0 –

BG8 – 195.9

BG9 −43.9 –
aAccording to Valente et al. (2018a)
bEstimated through the GWP/CEDnr correlation equation
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interpretation of the comparative study, the case studies are arranged by ascending
order of energy footprint.

The results shown in Fig. 8 suggest that most of the renewable hydrogen options
included in the library of thermochemical hydrogen are potential candidates to
substitute hydrogen produced through the conventional technology (SMR).
Hydrogen options based on biomass gasification, especially when involving more
than one product, tend to show the best performance. In this regard, most of the case
studies based on biomass gasification allow a CEDnr saving above 60% with respect
to SMR. However, when this technology involves dedicated crops without
any co-product, a significantly unfavourable performance is found in terms of
non-renewable energy footprint.

The two case studies involving thermochemical cycle processes (TC1 and TC2)
perform about 40% better than SMR. Nevertheless, both systems are assessed in the
same study and the number of harmonised case studies for this type of process is
too low to draw general conclusions on this technology.

Biofuel reforming shows a relatively narrow range of harmonised values. In fact,
80% of the biofuel reforming cases are within the range 30–45% of CEDnr savings
with respect to SMR. This indicates that the biofuel reforming technology generally
shows a good profile, suitable to substitute the conventional hydrogen production
technology. Nevertheless, in light of the results, gasification could be preferred,
especially when residual biomass is available.

Fig. 8 Comparison between renewable thermochemical hydrogen and SMR-H2
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3.2.2 Harmonised Energy Footprint of Electrochemical Hydrogen

The library of harmonised CEDnr of electrochemical hydrogen involves 37
renewable case studies (Table 8). Harmonised values are directly available in
Valente et al. (2018a) for only 9 case studies, while the remaining 28 cases are
harmonised by applying the correlation equation.

Table 8 Library of
harmonised CEDnr of
electrochemical hydrogen

Case study code CEDnr
a

(MJ∙kg−1 H2)
CEDnr

b

(MJ∙kg−1 H2)

AE1 – 26.3

AE2 – 23.5

AE3 – 23.4

AE4 – 23.3

AE5 – 15.2

AE6 – 42.3

AE7 – 26.7

AE8 29.9 –

AE9 – 19.2

AE10 – 18.3

AE11 – 18.3

AE12 – 9.1

AE13 – 21.4

AE14 – 20.1

AE15 – 21.2

AE16 59.4 –

AE17 – 52.6

AE18 – 109.9

AE19 – 77.5

AE20 – 48.6

AE21 – 18.6

AE22 – 96.4

AE23 – 140.9

AE24 – 45.6

AE25 44.3 –

AE26 23.9 –

AE27 8.7 –

AE28 – 41.8

AE29 – 212.6

AE30 35.5 –

AE31 – 115.6

AE32 – 69.2
(continued)
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The harmonised values of electrochemical hydrogen range from 8 MJ (HE1) to
213 MJ (AE29). The case AE29 involves a mini-hydropower plant as the driving
energy source, while HE1 involves high-temperature electrolysis using wind power
for heat and electricity. Except for AE29, the case studies within the electro-
chemical category perform significantly better than SMR. According to Table 8, the
average value of CEDnr for the electrochemical category is 45 MJ, which corre-
sponds to less than a quarter of the energy footprint of conventional hydrogen from
SMR.

Figure 9 shows the harmonised CEDnr results of renewable electrochemical
hydrogen relative to the harmonised CEDnr of conventional SMR hydrogen.
High-temperature electrolysis (HE1–HE3) shows a very favourable performance in
terms of energy footprint, performing better than PEM electrolysis (PE1 and PE2),
which is probably linked to the shorter lifetime of PEM stacks (Reiter and Lindorfer
2015).

Table 8 (continued) Case study code CEDnr
a

(MJ∙kg−1 H2)
CEDnr

b

(MJ∙kg−1 H2)

PE1 – 19.4

PE2 – 63.7

HE1 8.1 –

HE2 11.5 –

HE3 17.6 –
aAccording to Valente et al. (2018a)
bEstimated through the GWP/CEDnr correlation equation

Fig. 9 Comparison between renewable electrochemical hydrogen and SMR-H2
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The main contributor to the energy footprint of electrochemical hydrogen gen-
erally is the infrastructure associated with the power source. In this respect, while
the wind power-based case studies assessed generally show a CEDnr saving above
80% with respect to SMR, the energy footprint increases when the power source is
based on solar energy. The only case study performing worse than SMR involves a
small-scale hydropower plant, which suggests the relevance of capacity (i.e., scale)
on the techno-environmental performance of this type of energy system.

3.2.3 Harmonised Energy Footprint of Biological Hydrogen

Table 9 reports the library of harmonised CEDnr of biological hydrogen, which
involves 8 case studies. The library contains three values directly available in
Valente et al. (2018a), while the values for the remaining five case studies are
estimated by applying the correlation equation with the harmonised carbon foot-
prints available in Valente et al. (2017b).

Although the number of case studies belonging to the biological category is
significantly lower than for the other technological categories, interesting trends are
also identified. In this respect, the use of microalgal biomass is associated with an
unfavourable energy performance—significantly worse than SMR (see DF2 and
DF3 in Fig. 10)—due to the high energy demand for microalgae growth, harvesting
and drying. In contrast, two-stage fermentative processes, which involve a first
stage under dark conditions (dark fermentation) and a subsequent stage of
photo-fermentation, show the best performance within the biological category in
terms of energy footprint.

Table 9 Library of
harmonised CEDnr of
biological hydrogen

Case study
code

CEDnr
a

(MJ∙kg−1H2)
CEDnr

b

(MJ∙kg−1H2)

DF1 183.7 –

DF2 – 932.8

DF3 – 30,614.3

PF1 91.1 –

TF1 – 87.0

TF2 – 48.9

TF3 – 94.9

TF4 87.7 –
aAccording to Valente et al. (2018a)
bEstimated with the GWP/CEDnr correlation equation
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3.3 Overall Picture

Thanks to the availability of a thorough library of harmonised CEDnr of hydrogen,
further results interpretation—beyond the intra-category assessment in Sect. 3.2—is
possible. This is done not only at the inter-level of technological category (Fig. 11)
but also at the inter-level of production technology (Fig. 12).

Fig. 10 Comparison between renewable biological hydrogen and SMR-H2

Fig. 11 Overview of energy footprint by technological category
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Figure 11 includes the whole set of 71 harmonised CEDnr values, still shown in
relative terms with respect to the harmonised CEDnr of SMR and arranged in
ascending order. The distribution of the values in Fig. 11 shows that electro-
chemical hydrogen tends to perform better than thermochemical and biological
hydrogen. It is also observed that biological hydrogen shows scattered harmonised
values.

It is remarkable that more than 85% of the electrochemical case studies (32 out
of 37) lead to a CEDnr saving above 60% with respect to SMR. In fact, this saving
is above 80% for ca. 65% of the electrochemical cases (24 out of 37). On the other
hand, most of the case studies of thermochemical hydrogen are associated with
lower energy savings. Nevertheless, more than 60% of the thermochemical case
studies (16 out of 26) present CEDnr savings within the range 30–60%.

The average CEDnr saving for renewable electrochemical hydrogen is 78%,
while this saving decreases to 44% for renewable thermochemical hydrogen. In
contrast, the average value for the biological category does not mean any saving

Fig. 12 Hierarchy of hydrogen production technologies based on the complete library of
harmonised CEDnr
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with respect to conventional hydrogen due to the high dispersion of the energy
footprints depending on the specific case study (with some case studies charac-
terised by very unfavourable results). Moreover, the sample of biological case
studies is relatively small, and thus the considerations for this technological cate-
gory should be further investigated in the future.

Overall, Fig. 12 summarises the findings about the energy performance of the
renewable hydrogen production technologies included in the library of harmonised
CEDnr. On the one hand, the least favourable technique is found within the bio-
logical category when fermentative processes involve microalgae feedstock. On the
other hand, thermochemical technologies are found to be highly competitive when
co-producing either electricity or goods that avoid conventional energy-intensive
processes. Regarding electrochemical hydrogen, even though wind-based tech-
nologies usually outperform solar-based ones, the latter are still associated with a
suitable performance when compared to other technological routes.

4 Conclusions and Recommendations

A thorough library of non-renewable energy footprints of hydrogen is now avail-
able. As a key feature, the CEDnr values included in this library are methodolog-
ically consistent, i.e. they are reported on the basis of harmonised LCA
methodological choices regarding e.g. functional unit, system boundaries, multi-
functionality approach, and final hydrogen conditions. As a result, robust com-
parisons between different hydrogen options—including their benchmarking
against conventional, fossil-based hydrogen from SMR—can be made. In fact,
future LCA practitioners willing to perform robust comparisons between hydrogen
energy systems are highly recommended to use the harmonised values reported in
this chapter.

The use of harmonised energy footprints facilitates the identification of the
potentially most suitable hydrogen production technologies when it comes to
substituting conventional hydrogen production. In this sense, electrochemical
hydrogen produced via water electrolysis using wind power is generally charac-
terised by a very favourable profile in terms of energy footprint. Even though
electrolysis powered by solar energy shows a relatively worse energy footprint, it is
also identified as a suitable option.

Thermochemical hydrogen presents a wide range of technologies available for
the production of hydrogen. Among them, biomass gasification generally shows a
favourable profile, especially when involving more products besides hydrogen.
Hence, this type of technology could be considered a potential candidate to sub-
stitute the conventional hydrogen technology. Other thermochemical technologies
such as biofuel reforming and thermochemical cycles show less evident benefits in
terms of energy footprint when benchmarked against hydrogen produced through
steam reforming of natural gas.
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The case studies belonging to the biological category, which involve fermen-
tative processes, are associated with highly scattered energy footprints. The use of
microalgae as the feedstock arises as an unfavourable alternative due to the high
energy requirements of cultivation and harvesting.

Overall, electrochemical hydrogen shows a more favourable energy footprint
than the other technological categories (i.e., thermochemical and biological
hydrogen). Nevertheless, some technical features—such as the co-production of
electricity or energy-intensive goods—can significantly improve the performance of
thermochemical options, leading to energy footprints even better than those of
electrochemical hydrogen.
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� Well-to-wheels assessment of PEMFC passenger vehicles with three hydrogen options.

� Use of harmonised carbon, energy and acidification footprints of hydrogen.

� High influence of the hydrogen fuel on the life-cycle performance of PEMFC vehicles.

� Need for renewable hydrogen when pursuing low carbon and energy footprints.

� Preferred renewable hydrogen option conditioned by the prioritised indicators.
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a b s t r a c t

This work uses harmonised life-cycle indicators of hydrogen to explore its role in the

environmental performance of proton exchange membrane fuel cell (PEMFC) passenger

vehicles. To that end, three hydrogen fuel options were considered: (i) conventional, fossil-

based hydrogen from steam methane reforming; (ii) renewable hydrogen from biomass

gasification; and (iii) renewable hydrogen from wind power electrolysis. In order to in-

crease the robustness of the life-cycle study, the environmental profile of each hydrogen

option was characterised by three harmonised indicators: carbon footprint, non-renewable

energy footprint, and acidification footprint. When enlarging the scope of the assessment

according to a well-to-wheels perspective, the results show that the choice of hydrogen

fuel significantly affects the life-cycle performance of PEMFC vehicles. In this regard, the

use of renewable hydrogen einstead of conventional hydrogen from steam methane

reforminge is essential when pursuing low carbon and energy footprints. Nevertheless, the

identification of the most favourable renewable hydrogen option was found to be condi-

tioned by the prioritised life-cycle indicators.
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Introduction

Nowadays, the energy system is typically seen as the main

source of sustainability concerns. For instance, regarding the

environmental realm, this system is associated with high

levels of greenhouse gas emissions. This is closely linked to

the high use of fossil fuels and gives rise to the critical issue of

climate change. In particular, the transport sector is currently

dominated by fossil fuels [1] and therefore represents one of

the most significant sources of greenhouse gas emissions [2].

Within this context, the decarbonisation of transportation

fuels is of paramount importance in order to achieve the ob-

jectives established in the Paris Agreement [3]. In this regard,

hydrogen as an alternative transportation fuel is expected to

play a crucial role in replacing conventional, fossil-based fuels

in the path towards a clean transport sector [4]. In fact,

hydrogen is often considered as an energy solution that can

constitute an economy itself. A hydrogen economy is favoured

by the versatility of hydrogen (e.g., in terms of hydrogen

production and applications across a wide range of sectoral

activities), whereas further critical advances are needed

regarding infrastructure roll-out and investments.

Hydrogen can be produced from different types of energy

sources and feedstock through a variety of technologies [5]. On

the one hand, this represents one of the main strengths that

make hydrogen a strategic energy carrier to boost the inte-

gration of clean and renewable sources into a wide range of

sectors. On the other hand, given the high number of

hydrogen production pathways, the actual suitability of the

different technological alternatives has to be analysed

following a life-cycle perspective, i.e. involving life-cycle

stages such as feedstock production, conversion, final use,

etc. In this sense, the standardised methodology of Life Cycle

Assessment (LCA) is a well-established tool that allows ana-

lysts to evaluate potential environmental impacts of product

systems along their value chain [6,7].

An increasing number of case studies assessing the envi-

ronmental life-cycle performance of hydrogen systems is

found in the literature [8]. However, according to specific

guidelines [9], the LCA methodological choices should be

consistent in order to facilitate robust comparisons. In this

respect, libraries of harmonised life-cycle indicators of

hydrogen have recently been built for a large number of

hydrogen production systems [10e13]. The use of these

harmonised indicators facilitates consistent life-cycle

comparative studies of hydrogen by mitigating the misinter-

pretation risk linked to differences in key LCAmethodological

aspects [10].

For the first time, this work explores the role of the

hydrogen fuel in the LCA of proton exchange membrane fuel

cell (PEMFC) passenger cars using harmonised life-cycle in-

dicators for a number of hydrogen options. Beyond other LCA

studies on fuel cell electric vehicles, the novelty of the study

lies in the consideration of alternative hydrogen fuel options

under harmonised life-cycle indicators, thereby increasing

the robustness of the study with a focus on the hydrogen fuel.

Thus, key features of this study include: (i) novel focus on the

robustness of the comparative LCA study through the appli-

cation of consistent methodological choices; (ii) novel use of

harmonised life-cycle indicators of hydrogen within a

comparative study beyond hydrogen production, and (iii)

provision of harmonised life-cycle indicators not yet available

for certain renewable hydrogen options (viz., wind power

electrolysis).

Materials and methods

The goal of the study is to robustly characterise and compare

the environmental life-cycle profile of a PEMFC passenger car

running on different hydrogen fuel options. Thus, three

different production pathways were considered for the

hydrogen fuel: (i) conventional, fossil-based steam methane

reforming (SMR_H), (ii) biomass gasification (BMG_H), and (iii)

wind power alkaline water electrolysis (WPE_H). This choice

of pathways allows covering two relatively mature renewable

hydrogen systems (WPE_H and BMG_H) in addition to the

common reference for comparative/benchmarking studies

(SMR_H).

The LCA methodology was applied. According to the

standards [6,7], the LCAmethodological framework comprises

four interrelated stages. In the first stage egoal and scope

definitione key aspects such as the objectives of the study, the

system's boundaries and the functional unit are defined. The

second stage elife cycle inventory analysisefocuses on data

collection for the input and output flows involved in the

product system. The third stage elife cycle impact asses-

smente includes, as mandatory steps, the selection of life-

cycle impact categories and indicators, classification in order

to link impact categories and inventory data, and characteri-

sation to quantify potential environmental impacts. Finally, in

the fourth stageeinterpretatione the conclusions of the study

are summarised in accordance with its goal and scope.

Key aspects on the definition of the overall PEMFC vehicle

system and data collection are provided in Section System

definition and Section Data acquisition, respectively. The

consideration of three different hydrogen fuel options trans-

lates into three alternative PEMFC vehicle systems: SMR_H

system (i.e., PEMFC car running on conventional, fossil-based

hydrogen), BMG_H system (i.e., the same PEMFC car but

running on hydrogen from biomass gasification), and WPE_H

system (i.e., the same PEMFC car but running on hydrogen

from wind power electrolysis).

Three life-cycle indicators were selected to characterise

the environmental performance of each system: carbon

footprint, non-renewable energy footprint (i.e., cumulative

fossil and nuclear energy demand), and acidification footprint.

The selection of these indicators was based not only on their

relevance in LCA studies on hydrogen energy systems [8] but

mainly on the fact that they are the only life-cycle indicators

available in the current harmonised libraries of hydrogen

[10e13].

It should be noted that carbon, energy and acidification

footprints are already available for SMR_H and BMG_H in the

current libraries of harmonised life-cycle indicators of

hydrogen [10]. This allows the robust consideration of SMR_H

and BMG_H as hydrogen fuel options without requiring the

specific implementation of inventory data for the stages up to

hydrogen production. In contrast, there is no study reporting
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the three harmonised life-cycle indicators of WPE_H. Hence,

in order to robustly compare the three options, the calculation

of the harmonised life-cycle indicators of WPE_H was under-

taken in this work. Thus, a new LCA study of electrolytic

hydrogen was performed herein. In this regard, in accordance

with the harmonisation protocols [10e12], the impact

assessment methods applied for the quantification of the

carbon, acidification and non-renewable energy footprints of

WPE_H were based on IPCC [14], CML [15], and VDI [16],

respectively. An attributional modelling approach was fol-

lowed in the study [10].

System definition

The stages and processes included in the general system

under evaluation were set when defining the boundaries of

the overall PEMFC vehicle system. In this regard, a well-to-

wheels study was performed, distinguishing three key

stages: hydrogen fuel production, vehicle manufacture, and

vehicle operation (i.e., use phase of both the fuel and the

vehicle, includingmaintenance). Fig. 1 shows themain stages,

processes and streams involved in the analysis. Other stages

such as hydrogen storage and distribution, refuelling stations

and end-of-life were not addressed in the study. In this way,

the general system was kept homogeneous. In fact, FCEV

manufacture and operation stages remain the same regard-

less of the specific hydrogen fuel. Moreover, while the

consideration of alternative hydrogen fuels does constitute an

intended source of variation in the definition of the system,

the use of harmonised life-cycle indicators of hydrogen

further enhances the consistency of the comparative study

[10].

Regardless of the specific hydrogen fuel option, the func-

tional unit for the LCA study of the overall PEMFC car system

was 1 km travelled by the vehicle fuelled by hydrogen. Capital

goods were included in the system's boundaries. The vehicle

was assumed to run 190,000 km during its useful life, which

corresponds to the lifetime considered for the PEMFC stack

[17]. For the three hydrogen fuel options, hydrogen was

considered to be supplied and stored on board in tanks at

700 bar.

Data acquisition

The life cycle inventory of the PEMFC vehicle is presented

broken down by vehicle operation (Table 1) and vehicle

manufacture (Table 2; average PEMFC passenger car of 80 kW

[17]). For both stages, the main sources of data were well-

established life-cycle databases (ecoinvent [18] and GREET

[19]), industrial specifications and reports [20,21], and litera-

ture studies on PEMFC vehicles, stacks and components

[22e31]. A weight of 2 t was considered for the car, with the

stainless steel supporting frame accounting for the highest

mass share (72%).

Fig. 1 e System under evaluation.

Table 1 e Main inventory data of vehicle operation
(amounts per km travelled).

Material and energy flows Amount Unit Inventory source

Operational inputs

Hydrogen fuela 8.00$10�3 kg Table 3 for WPE_Hb

Lubricating oilc 1.87$10�5 kg [18]

Ethylene glycol diethyl etherc 6.78$10�5 kg [18]

Decarbonised waterc 4.52$10�5 kg [18]

Road 4.87$10�4 mi$y [18]

Tyresc,d 6.31$10�5 p [21]

Li-ion battery packd (288 V) 1.82$10�4 kg [24,29]

Emissions

Brake wear emissions 1.78$10�6 kg [18]

Road wear emissions 1.96$10�5 kg [18]

Tyre wear emissions 1.15$10�4 kg [18]

Infrastructure

PEMFC vehicle, infrastructure 5.26$10�6 p Table 2

a Amount based on [20] for extra-urban drive cycle.
b Inventory required only for WPE_H since harmonised indicators

are already available for SMR_H and BMG_H.
c Amount based on [19].
d Only replacement (initial amount already included in vehicle

infrastructure).
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Concerning the production stage of the hydrogen fuel op-

tions, SMR_H and BMG_H (poplar biomass feedstock) were

based on the systems detailed in Susmozas et al. [32] and

harmonised in Valente et al. [10e12]. On the other hand, for

the hydrogen fuel produced via wind power electrolysis

(WPE_H), a new specific inventory was built. In this regard,

Table 3 presents themain inventory data ofWPE_H alongwith

the specific references for each inventory flow [33e36]. It

should be noted that the three hydrogen fuel options refer to a

Spanish geographical scope due to the selection of country-

specific feedstock and energy sources.

The inventory data of Tables 1e3 were implemented in the

LCA software SimaPro to carry out the environmental char-

acterisation of each system taking into account the selected

life-cycle indicators and impact assessment methods.

Results and discussion

This section presents the main results of the study (Section

LCA results). Additionally, further contextualisation of the re-

sultsandother remarksarepresented inSectionFinal remarks.

LCA results

Table 4 presents the harmonised life-cycle indicators corre-

sponding to the three hydrogen fuel options, with a final

pressure of 700 bar. While the harmonised results for SMR_H

and BMG_H were directly adapted from Valente et al. [10], the

harmonised life-cycle indicators of WPE_H were calculated

through the computational implementation of the inventory

data in Table 3 in SimaPro.

As commonly observed in electrochemical hydrogen pro-

duction technologies, the leading contribution to the envi-

ronmental impacts of WPE_H was found to be related to wind

electricity production, which accounts for a contribution

higher than 95% in all the impact categories considered. In

contrast, when addressing thermochemical hydrogen (BMG_H

and SMR_H), the carbon footprint was found to be dominated

by the direct emissions from the feedstock conversion stage

(which also applies to the acidification footprint of SMR_H),

while feedstock production was identified as the dominating

phase in terms of energy footprint (and also for the acidifica-

tion footprint of BMG_H due to the use of pesticides and

fertilisers).

Whenmoving from a hydrogen production perspective to a

well-to-wheels approach, the environmental characterisation

of the PEMFC car systems (one system per hydrogen fuel

Table 2 e Main inventory data of vehicle manufacture
(amounts per one vehicle).

Input flows Amount Unit Inventory
source

PEMFC stacka

Catalyst ink 40.65 g [20,27]

Gas diffusion layers (520 units) 2.93 kg [22,27,28,30]

Gaskets (522 units) 8.14 kg [30]

Bipolar platesb (261 units) 22.69 kg [18,20,27]

End plates/current collectors (2

units)

2.05 kg [27]

Tie rods (8 units) 4.71 kg [27]

Membranec 235.00 g [20,23,25,27,30]

Rest of materials and components

Electric motor 80.00 kW [26]

Hydrogen tank 93.00 kg [30]

Power control unit 1.00 p [24,29]

Gearbox 80.00 kg [26]

Tyres 4.00 p [21]

Adhesive for metalsd 13.60 kg [18]

Reinforcing steel sheetd 1438.20 kg [18]

Copperd 7.99 kg [18]

Aluminium sheetd 15.98 kg [18]

Flat glassd 63.92 kg [18]

Polypropylene granulated 71.91 kg [18]

Li-ion battery packe (288 V) 17.10 kg [24,29]

a 80 kW PEMFC stack involving 260 cells with an active area of

250 cmb each; 40.8 kg total weight.
b Area of 380 cm2 each and 1 mm thickness.
c Each membrane (380 cm2 area; 15 mm thickness) involves one

layer of expanded PTFE (5 mm) between two layers of Nafion®

(5 mm each).
d Amount based on [20].
e Amount based on [30].

Table 3 e Main inventory data of hydrogen produced
through wind power electrolysis (amounts per kg H2).

Material and energy inputs Amount Unit Reference

Operation

Wind electricitya (for electrolysis only) 49.00 kWh [33]

Wind electricitya (for compression

only)b
1.91 kWh [34]

Deionised water 11.20 kg [35]

Potassium hydroxide 0.85 g [33]

Infrastructure (electrolyser)

Low-alloyed steel 6.62$10�3 kg [33]

Aluminium sheet 3.23$10�5 kg [33]

Nickel, 99.5% 4.57$10�3 kg [33]

Chromium 1.03$10�4 kg [33]

Glass fibre 1.52$10�5 kg [36]

Reinforcing steel 1.89$10�4 kg [36]

Copper 5.82$10�5 kg [36]

Acrylonitrile-butadiene-styrene

copolymer

6.08$10�6 kg [36]

Tube insulation, elastomer 2.59$10�5 kg [36]

Polyethylene, low density, granulate 2.56$10�5 kg [33]

Nylon 6-6 1.90$10�6 kg [36]

Synthetic rubber 3.81$10�6 kg [36]

Transport, freight, lorry 16e32 metric

tonne, EURO6

1.07$10�4 t$km [36]

a Onshore production (Spain), with wind turbine > 3 MW.
b Three-step intercooled compression from 20 bar to 700 bar, at

25 �C and 75% compression efficiency.

Table 4 e Harmonised life-cycle indicators of hydrogen
(values per kg H2).

Hydrogen option GWP (kg CO2 eq) CED (MJ) AP (kg SO2 eq)

SMR_Ha 11.51 208.73 2.03$10�2

BMG_Ha 0.46 33.14 1.61$10�2

WPE_Hb 1.17 14.3 1.13$10�2

a Adapted from [10] to the final pressure of 700 bar.
b Calculated in this study.
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option) is shown in Figs. 2e4 in terms of carbon footprint,

energy footprint, and acidification footprint, respectively. In

order to highlight the role of the hydrogen fuel in the life-cycle

performance of each system, the life-cycle results are dis-

played in Figs. 2e4 distinguishing the contribution from

hydrogen fuel production, vehicle operation, PEMFC stack

manufacture, and manufacture of the remaining vehicle

infrastructure.

Concerning the carbon footprint results (Fig. 2), the

hydrogen fuel was found to play a leading role only when

considering the fossil fuel option (i.e., SMR_H). In other words,

aminor role of the hydrogen fuel was foundwhen considering

the renewable options, i.e. BMG_H and WPE_H. In fact, the

carbon footprint of these renewable options was mainly

associated with the vehicle infrastructure, in particular with

the steel-based car frame (42% of the carbon footprint of the

whole vehicle infrastructure) and the hydrogen tank (15%).

The findings on the relevance of the hydrogen fuel and the

vehicle infrastructure on the systems' carbon footprint could

be extended to the energy footprint results shown in Fig. 3. In

this sense, conventional hydrogen from steam methane

reforming was found to play the leading role in the energy

footprint assessment of the SMR_H system, whereas a minor

role was identified for renewable hydrogen from either

biomass gasification or wind power electrolysis in the energy

footprint assessment of BMG_H and WPE_H. It is concluded

that the use of renewable hydrogen einstead of conventional

hydrogen from steam methane reforminge is essential when

pursuing low system's carbon and energy footprints.

The situation was different when focusing on the acidifi-

cation footprint results shown in Fig. 4. For this life-cycle in-

dicator, even though the SMR_H system still shows the

highest potential impact, the difference with the renewable

options (both BMG_H and WPE_H) was found to be consider-

ably lower than that for the carbon and energy footprints. In

this regard, although a certain reduction was found in terms

of acidification impact when using renewable hydrogen fuels

instead of conventional hydrogen, a high influence of the

hydrogen fuel was still observed (especially for BMG_H). In

particular, the hydrogen fuel accounts for 34%, 29% and 22% of

the acidification footprint of the systems SMR_H, BMG_H and

WPE_H, respectively. The steel-based car frame is also the

main contributor to the acidification impact of the vehicle

infrastructure (27%), ahead of the electric motor (19%), the

hydrogen tank (12%), the power control unit (10%), and the

PEMFC stack (7%).

In order to clarify the relevance of the hydrogen fuel on the

system's life-cycle performance for each indicator, Fig. 5

Fig. 2 e Contribution to the carbon footprint in each

system.

Fig. 3 e Contribution to the non-renewable energy

footprint in each system.

Fig. 4 e Contribution to the acidification footprint in each

system.
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shows the ratio of the impacts of the hydrogen fuel to the

impacts of thewhole system for each option. Regardless of the

life-cycle indicator, the highest ratios (>30%) were found for

the SMR_H option. In particular, SMR_H was found to account

for 67%, 63% and 34% of the system's energy, carbon and

acidification footprints, respectively. In contrast, the ratios for

both BMG_H and WPE_H were below 30% in all the evaluated

life-cycle indicators. While the acidification footprint arose as

the indicator associated with the lowest ratio within the

SMR_H system, the opposite finding was observed for the

renewable systems.When focusing on the BMG_H system, the

lowest ratio was associated with the carbon footprint (7%),

while the relevance of the hydrogen fuel was substantially

higher in terms of the acidification (29%) and energy (24%)

footprints. Finally, regarding theWPE_H system, similar ratios

were found for the carbon (15%) and energy (12%) footprints,

while the highest ratio was associated with the acidification

footprint (22%).

Final remarks

Overall, the choice of fossil-based hydrogen (SMR_H) for

PEMFC passenger cars was associated with a substantial in-

crease in the system's life-cycle environmental impacts when

compared to the same car but running on renewable hydrogen

(BMG_H or WPE_H). Nevertheless, the choice of the preferred

renewable hydrogen option was found to be conditioned by

the life-cycle indicator(s) to be prioritised by the decision-

maker. This dependence on the life-cycle indicators consid-

ered has also been stressed in other comparative LCA studies

of fossil/renewable hydrogen energy systems [37].

Given the current availability of harmonised life-cycle in-

dicators, this study focused on carbon, energy and acidifica-

tion footprints. Taking into account the current libraries of

harmonised life-cycle indicators of renewable hydrogen,

further clues about potentially preferred production pathways

could be provided. In this regard, according to Valente et al.

[10,13], renewable electrolytic hydrogen (not only from wind

power electrolysis but also from other routes such as hydro or

solar power electrolysis) tends to involve low harmonised

values for the three indicators. In particular, high-

temperature water electrolysis could be a technology espe-

cially favourable under these indicators. Alternatively, and

taking into account the central role of climate change in cur-

rent policies and directives, thermochemical hydrogen could

also encompass a portfolio of preferred options when priori-

tising only the carbon footprint indicator. In this respect,

hydrogen production through biomass gasification involving

electricity co-production and/or the use of residual feedstock

could represent a particularly favourable option [11]. Actually,

given the usual correlation found between the carbon and

energy footprints of hydrogen energy systems [12,13], the

technologies prioritised in terms of carbon footprint would

also be prioritised in terms of energy footprint. In general,

hydrogen energy systems involving additional products often

arise as attractive candidates. For instance, thermochemical

hydrogen pathways coproducing fertilisers are associated

with an especially favourable acidification performance [10].

On the other hand, it should be noted that, even though bio-

logical hydrogen options (e.g., hydrogen production through

biomass/microalgae fermentation) have also been considered

in the literature on harmonised indicators, they are not ex-

pected to be prioritised until a higher maturity of these tech-

nologies has been achieved. When adding economic criteria,

even though the most favourable cost is typically associated

with conventional hydrogen (SMR_H) [38], renewable

hydrogen options could still be preferred when jointly inter-

preting life-cycle economic and environmental indicators

under the standardised concept of eco-efficiency [39]. In this

regard, while the levelised cost of SMR_H is below 2.5 V$kg�1

and that of renewable options such as BMG_H is usually above

3.5 V$kg�1, significantly high relative eco-efficiency scores

have already been reported for renewable hydrogen (e.g.,

above 14 for BMG_H benchmarked against SMR_H) [39].

In addition to the relevance of hydrogen production [40],

special attention should be paid to the vehicle infrastructure,

in particular to potential design advances aimed at reducing

the steel demand or using steel produced through innovative

eco-friendly processes [41]. A reduced steel demand for the

vehicle infrastructure would lead not only to direct benefits in

Fig. 5 e Relative contribution of hydrogen to the life-cycle profile of each system.
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all the environmental categories selected (due to lower steel

production), but also to indirect benefits linked to light-

weighting [42], e.g. reduction in wear emissions and fuel

consumption.

Beyond the three harmonised indicators currently available,

prioritisation based on other life-cycle indicators is expected in

the future in line with the development of new protocols and

libraries for the harmonisation of additional indicators (water

footprint, eutrophication, etc.). Finally, as usual in this type of

environmental studies, and in order to thoroughly support

robust decision-making processes, further efforts should be

made to enlarge the scope of the system aswell as to assess not

only additional environmental indicators but also indicators

belonging to other sustainability dimensions (regarding tech-

nical barriers, economic feasibility, social acceptance, safety

and regulations, etc.). In other words, decision-making pro-

cesses should be sustainability-oriented. To that end, further

advances in the quantification of e.g. social life-cycle indicators

are needed, which constitutes an incipient topic in life-cycle

studies of hydrogen energy systems [43].

Conclusions

Three hydrogen production options were used to explore the

role played by the hydrogen fuel in the environmental life-

cycle performance of PEMFC cars: conventional hydrogen

from the steam methane of natural gas, renewable hydrogen

frombiomass gasification, and renewablehydrogen fromwind

power electrolysis. It is concluded that the choice of hydrogen

fuel significantly affects the life-cycle performance of PEMFC

vehicles. For a PEMFC car running on conventional (fossil-

based) hydrogen, hydrogenproductionaccounts formore than

30%of the system's carbon, energyandacidification footprints.

On the other hand, hydrogen production plays a minor role in

the life-cycle performance of PEMFC cars running on renew-

able hydrogen, with contributions below 30% to the system's
carbon, energy andacidification footprints. It is concluded that

the use of renewable hydrogen is essential when pursuing low

system's carbon and energy footprints. Finally, this study

highlights the usefulness of harmonised life-cycle indicators

when it comes to performing robust comparative life-cycle

studies of hydrogen energy systems.
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cation H2 than natural gas reforming H2

• Externalities affect the eco-efficiency
scores, but not the main findings.
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Hydrogen is a key product for the decarbonisation of the energy sector. Nevertheless, because of the high number
of technical options available for hydrogen production, their suitability needs to be thoroughly evaluated from a
life-cycle perspective. The standardised concept of eco-efficiency is suitable for this purpose since it relates, with
a life-cycle perspective, the environmental performance of a product system to its value. Hence, thiswork bench-
marks the eco-efficiency performance of renewable hydrogen produced through biomass gasification against
conventional hydrogen from the steam reforming of natural gas. For the eco-efficiency assessment, the
harmonised environmental indicators of global warming, acidification and cumulative non-renewable energy
demand were individually used, while the product system value was based on the levelised cost of hydrogen
with/without internalisation of the external socio-environmental costs associated with climate change and
human health. On the one hand,when the environmental and economic performances are separately considered,
hydrogen from biomass gasification performs significantly better than hydrogen from steammethane reforming
under environmental aspects (e.g., greenhouse gas emissions saving of 98%), whereas the opposite conclusion
was found from an economic standpoint (levelised cost of 3.59 € and 2.17 € per kilogramme of renewable and
fossil hydrogen, respectively). On the other hand, when combining life-cycle environmental and economic indi-
cators under the umbrella of the eco-efficiency assessment, it is concluded that the renewable hydrogen option
outperforms the conventional one, which is further remarked when implementing socio-environmental exter-
nalities. In this regard, a relative eco-efficiency score above 14was estimated for the renewable hydrogen option
when benchmarked against conventional hydrogen.
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1. Introduction

The 2030 Agenda and the 17 Sustainable Development Goals (SDGs)
set by the United Nations identify key interrelated issues and actions for
addressing the global sustainability dimension within the current eco-
nomic, social, and environmental context. Among the 17 SDGs, the ac-
cess to affordable and clean energy is included, requiring actions to
increase the share of renewable energy for transport, heat, and electric-
ity. Nowadays, fossil resources represent the main feedstock for the en-
ergy sector. However, their use raises many concerns related to adverse
consequences on the environment and society, e.g. in terms of climate
change and human health. In order to make the energy sector sustain-
able, the employment of cleaner and renewable sources is required
(International Energy Agency, 2017a, 2017b). Unfortunately, several
techno-economic difficulties generally associated with renewable
sources need to be overcome, such as the intermittent availability, low
efficiencies, and relatively high costs (BP, 2017; European Commission,
2015; International Energy Agency, 2017c).

Thanks to numerous techno-environmental advantages, hydrogen is
often considered a key energy carrier to boost the switch towards a re-
newable and sustainable energy economy (Bockris, 2013; Veziroǧlu,
1987). Among its core strengths, its high energy content per mass unit
is remarkable as well as the fact that hydrogen can be produced from
many feedstocks and energy sources through several technological
pathways (Dincer, 2012). Nevertheless, to make the whole production
chain sustainable, hydrogen must involve the use of clean, affordable
and renewable sources (raw material and driving energy), which are
fundamental for the sound establishment of a hydrogen economy

Symbols and acronyms

A depreciation costs
AP acidification impact potential
B profit
BG_H2 hydrogen from indirect biomass gasification
CAPEX capital expenses
CCe monetising factor of climate change
CED cumulative non-renewable energy demand
d discount rate
e external cost associated with climate change and

human health
EEk,j eco-efficiency of technology k for impact category j
Ex externalities
F fixed operating and maintenance costs
FX factor-X
GWP global warming impact potential
HHe monetising factor of human health
I capital investment
i inflation rate
j environmental impact
LCA life cycle assessment
LCC life cycle costing
LCoH levelised cost of hydrogen
NPV net present value
OPEX operating expenses
PSA pressure swing adsorption
Qt hydrogen production for period t
r tax rate
SDG sustainable development goal
SDR system degradation ratio
SMR_H2 hydrogen from steammethane reforming of natural gas
TIC total investment cost
V variable operating and maintenance costs
WGS water gas shift

(Clark II and Rifkin, 2006). However, hydrogen is currently associated
mainlywith non-energy purposes (Navarro et al., 2015), and its produc-
tion relies predominantly on fossil sources (Muradov and Veziroǧlu,
2005).

Among the alternative (i.e., non-fossil) production pathways, hydro-
gen produced through biomass gasification is often seen as an appropri-
ate candidate to substitute conventional hydrogen from steammethane
reforming of natural gas (U.S. Department of Energy, 2015a). Neverthe-
less, its suitability needs to be checked by thoroughly assessing eco-
nomic and techno-environmental indicators that facilitate decision-
making processes, since potential benefits or damages could be
neglected without a broad overview.

The traditional concept of eco-efficiency matches this need for suit-
ability assessment. It refers to the delivery of competitively priced goods
that fulfil human needs while progressively reducing environmental
impacts of products and resource intensity throughout the entire life
cycle to a level at least in linewith the Earth's estimated carrying capac-
ity (Schmidheiny, 1992). This definition served as the basis for different
studies aimed at the eco-efficiency assessment of energy systems
(Korhonen and Snäkin, 2015; Martín-Gamboa et al., 2018). Further-
more, the standardised concept of eco-efficiency (International
Organization for Standardization, 2012) also incorporates this tradi-
tional notion while stressing the life-cycle perspective required for eco-
nomic and environmental evaluations, and defining the methodology
for measuring the eco-efficiency of product systems.

According to the standardised definition, eco-efficiency is an aspect
of sustainability which relates the environmental performance of a
product system to its product value for a stakeholder, and a life-cycle
perspective is required for both the environmental and the economic
assessment. Being eco-efficiency assessment a useful tool for practi-
tioners and managers willing to benchmark alternatives, methodologi-
cal consistency is a key issue to take into consideration (Brattebø,
2005; Huppes and Ishikawa, 2005a; Kicherer et al., 2007).

From the side of the life-cycle environmental performance, Life Cycle
Assessment (LCA) is a standardisedmethodology to calculate thepoten-
tial environmental impacts of product systems (International
Organization for Standardization, 2006a, 2006b). In the field of hydro-
gen energy systems, an increasing interest in applying LCA has recently
been observed (Valente et al., 2017a).

As regards the economic performance, Life Cycle Costing (LCC),
which comprises cash flow analyses of product systems through their
life-cycle (Hunkeler et al., 2008), is an appropriate methodology to pro-
vide system value indicators in accordancewith the requirements of the
eco-efficiency standard. LCC allows the quantification of a number of
economic and financial indicators (levelised cost, net present value –
NPV–, payback period, etc.), as well as the integration of social and en-
vironmental aspects into cash flow analysis. In this respect, external
costs associatedwith the damage due to the pressure exerted on the en-
vironment and the society can be encompassed when analysing energy
systems, thus potentially influencing the evolution of the energy sector
(García-Gusano et al., 2018).

Regarding the combination of economic and environmental aspects
with a life-cycle perspective, Saling et al. (2002) defined a framework
for assessing and reporting the eco-efficiency of services and products
focusing on the chemical sector. In fact, there is an increasing number
of studies in the literature addressing sustainable development through
the concept of eco-efficiency (Caiado et al., 2017; Miah et al., 2017).
Nevertheless, within the limited number of eco-efficiency studies in
the field of energy (Miah et al., 2017), there is a specific lack of analysis
addressing eco-efficiency of hydrogen energy systems. The solitary
work by Lee et al. (2011) followed the standardised eco-efficiency con-
cept in a comparative analysis of hydrogen use for mobility in Korea.
They estimated, in comparison with diesel, the well-to-wheels eco-
efficiency of hydrogen produced through steam reforming of natural
gas and naphtha, and from water electrolysis powered by wind and
grid electricity. In this sense, the present article contributes further to
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filling the gap in eco-efficiency assessment of hydrogen energy systems
by thoroughly addressing a comparative study between –for the first
time– renewable hydrogen produced through indirect biomass gasifica-

tion (BM_H2) and conventional hydrogen from steam methane
reforming of natural gas (SMR_H2) following the ISO standard on eco-
efficiency.

2. Material and methods

In accordancewith the principles in International Organization for Standardization (2012), this study benchmarks the eco-efficiency performance
of BG_H2 against SMR_H2. On the one hand, the eco-efficiency indicator of each system –relating an environmental indicator and a product system
value indicator– was individually calculated for three different life-cycle environmental indicators: global warming (GWP), acidification (AP), and
cumulative non-renewable energy demand (CED). The selection of these indicatorswas based on their general relevance to hydrogen energy systems
as well as on the availability of harmonised values for BG_H2 and SMR_H2, thereby guaranteeing methodological consistency (Valente et al., 2017b,
2018a, 2018b). On the other hand, the common value indicator used for the eco-efficiency assessment was based on the levelised cost of hydrogen
(LCoH), whichwas evaluated with two variations: with andwithout externalities.Within this context, the eco-efficiency scores of both SMR_H2 and
BG_H2 were computed according to Eq. (1):

EEk; j ¼
1=LCoHk

jk
ð1Þ

which represents the ratio of the reciprocal of LCoH for the technology k (SMR_H2 orBG_H2) to theharmonised environmental impact j (GWP,APor CED).
Fig. 1 shows themain components, processes, and operating conditions of the systems under analysis. The layout and process data for both BG_H2

and SMR_H2were based on thework performed by Susmozas et al. (2013). For both hydrogen production options, the cradle-to-gate system bound-
aries were set to cover from the production of the feedstock (i.e., the hydrogen carrier: poplar biomass for BG_H2 and natural gas for SMR_H2) to the
final conditioning of the hydrogen product. More in detail, the following process sectionswere included: feedstock production, distribution, and con-
ditioning; conversion of the feedstock into syngas; syngas upgrading through thewater gas shift (WGS) reaction; hydrogen purification via pressure
swing adsorption (PSA); and final conditioning through a three-stage intercooled compression. The functional unit of the analysis was set as 1 kg of
hydrogen with 99.9 vol% purity at 200 bar and 25 °C.

It is worth highlighting that both hydrogen energy systems recover the PSA off-gas for internal valorisation. While in SMR_H2 the off-gas is
combusted to partly satisfy the heat requirements of the conversion process, in BG_H2 the off-gas is used to produce both electricity and heat. In par-
ticular, the electricity co-produced exceeds the amount needed for biomass pre-treatment, wet scrubbing, pumping, and compression. The surplus
electricity was considered to be sold to the grid. Hence, besides hydrogen production, the BG_H2 system involves electricity production as an addi-
tional function, whereas the SMR_H2 system is monofunctional since there is no energy surplus (in fact, additional natural gas is used to satisfy the
unmet heat demand of the system).

2.1. Harmonised LCA

The values of the life-cycle GWP, AP, andCED impacts of BG_H2 and SMR_H2were retrieved from the respective libraries of harmonised impacts of
hydrogen available in Valente et al. (2017b, 2018a, 2018b). Hence, these harmonised values,which are reported in Table 1, were already calculated in
the literature under a consistent methodological framework. Such a harmonisation framework consists of four main stages (Valente et al., 2017b).
The first stage focuses on the definition of the life cycle impact assessment method, the general modelling approach, and the system boundaries.
The second stage sets the functional unit to 1 kg of hydrogen produced. The third stage dealswith the harmonisation ofmultifunctional systems, gen-
erally using system expansion as themultifunctionality approach to follow. Finally, the fourth stage harmonises the final pressure of hydrogen, and it
completes the system boundaries by adding the compression stage as well as capital goods. Overall, this harmonisation of methodological choices
mitigates misinterpretation risk, especially when performing comparative studies from a technological perspective (Valente et al., 2018b). The dif-
ferences observed in Table 1 for the impacts of BG_H2 compared to those of SMR_H2 are associated with the advantages of the former as a result
of its renewable nature, theuptake of CO2, and the co-production of electricity. In this sense,while electricity co-production is linked to the favourable
performance of the three environmental indicators, CO2 uptake during biomass cultivation and the renewable nature of BG_H2 lead to further en-
hance its GWP and CED performances, respectively.

2.2. LCC component

Among the LCC indicators that can be considered for economic modelling of energy systems, the levelised cost is one of the preferred options for
energy systems. This is because it allows comparisons between technologies with dissimilar features in terms of size, capacity, lifespan, etc. while
comprising various economic and financial contributions to the final cost (operating and maintenance costs, taxes, avoided costs, incomes, capital
costs, etc.) (Darling et al., 2011; EIA, 2018). To calculate the levelised cost of energy systems, two items are required: the total system cost over its
lifetime and the amount of energy produced over the lifespan, both discounted to present values (Darling et al., 2011). In the current analysis, the
procedure to calculate the LCoH takes into account capital expenses (CAPEX), operating expenses (OPEX), taxes (TAXES), and externalities (Ex).
In order to translate these economic components into present values, a real discount rate of 8% and an inflation rate of 2% were considered.
Eq. (2) was used to calculate the LCoH under the condition of null NPV:

LCoH ¼
Pn

t¼0 It ∙
1þi
1þd

� �t
þPn

t¼0 Ft þ Vtð Þ∙ 1þi
1þd

� �t
þ At

� �
þPn

t¼0 Bt ∙rð Þ∙ 1þi
1þd

� �t
þPn

t¼0 Qt ∙etð Þ∙ 1þi
1þd

� �t

Pn
t¼0 Qt ∙ 1þi

1þd

� �t ð2Þ

where:
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n is the number of years of the plant lifespan minus one;
t is the annual term considered;
It is the cost associated with the capital investment in the year t;
d is the real discount rate;
i is the inflation rate;
Ft is the fixed part associated with operating and maintenance costs in the year t;
Vt is the variable part associated with operating and maintenance costs in the year t;
At represents the term of depreciation costs for the year t;

Fig. 1. Hydrogen production systems: (a) biomass gasification; (b) steam methane reforming.

Table 1
Harmonised impacts of 1 kg of BG_H2 and SMR_H2 according to Valente et al. (2018b).

Impact BG_H2 SMR_H2

GWPa (kg CO2 eq) 0.18 11.43
APb (kg SO2 eq) 1.45 · 10−2 1.86 · 10−2

CEDc (MJ) 25.36 200.95

a GWP: global warming impact potential.
b AP: acidification impact potential.
c CED: cumulative non-renewable energy demand.
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Bt represents the profit relative to the year t;
r is the tax rate;
et is the external cost associated with climate change and human health of 1 kg of hydrogen produced, referred to the year t; and
Qt is the hydrogen production in the year t expressed in kg, which takes into account the yearly system degradation ratio (SDR) as shown in
Eq. (3). In this study, SDR was assumed null for both options (U.S. Department of Energy, 2015a, 2015b).

Qt ¼ Qinitial � 1−SDRð Þt ð3Þ

A lifespan of 21 years (from construction in 2017 tofinal operation and dismantling in 2037)was assumed for the hydrogen plants, hypothetically
located in Spain. The first year and 60% of the second year of their lifespan were supposed to be employed for the construction of the plants. During
construction, no hydrogen production, no incomes, no taxes, no operational cost, and no externalities were assumed to exist. In this sense, hydrogen
production in the first year is 0% of the plant capacity, 40% in the second year, and 100% in the remaining years.

The economic data of BG_H2 and SMR_H2 regarding equipment and operating costs were based on the analysis in Susmozas (2015), which fo-
cuses on the estimation of average production costs. These data refer to high-capacity installations with 310 operating days per year and similar
total investment costs, but different hydrogen production capacities due to the different nature of the systems (Susmozas, 2015). In particular, the
daily hydrogen production capacity is 110 t and 470 t for BG_H2 and SMR_H2, respectively. The economic data in Susmozas (2015), which refer to
2014 as the base year, were updated to 2017. In this respect, a decrease of 1% from 2014 to 2017 was considered according to the national industrial
prices index (INE, 2018).

For the sake of clarity, Eq. (4) summarises the terms of Eq. (2) in four main contributions (viz., CAPEX, OPEX, taxes, and externalities), which are
detailed in Sections 2.2.1–2.2.3:

LCoH ¼ CAPEX þ OPEX þ TAXESþ Ex ð4Þ

2.2.1. Capital expenses
Capital costs (Eq. (5)) were determined by taking into account the total investment cost (TIC), which considers cost of components (reactors,

blowers, compressors, heat exchangers, catalysts), costs of buildings andmaterials (instruments, paint, insulation, etc.), and indirect costs concerning
e.g. engineering, construction, auxiliary services, start-up, and interconnections. Unlike in Susmozas (2015), capital costs were also considered to ac-
count for dismantling costs (10% of TIC in the last operating year) and an additional compressor for the final hydrogen product.

CAPEX ¼
Pn

t¼0 It ∙
1þi
1þd

� �t

Pn
t¼0 Qt ∙ 1þi

1þd

� �t ð5Þ

Regarding contribution to the investment cost (It), it was assumed that the first year accounts for 75% of this cost, and the second year for the re-
maining 25%. In the years t=6, 11 and 16, catalysts are replaced, while the last year accounts for the dismantling of the installations. For the remain-
ing years, It was considered null.

2.2.2. Operating expenses
Operating costs (Eq. (6)) involve fixed operating andmaintenance costs (F), variable operating andmaintenance costs (V), and depreciation (A):

OPEX ¼
Pn

t¼0 Ft þ Vtð Þ∙ 1þi
1þd

� �t
þ At

� �

Pn
t¼0 Qt ∙ 1þi

1þd

� �t ð6Þ

Fixed costs involve the cost of salaries and –proportionally to TIC– costs for safety, maintenance, laboratory, and patents royalties. Variable costs
account for the feedstock, fuel, coolingwater and electricity costs (Susmozas, 2015). Regarding electricity, for the BG_H2 system, the exceeding elec-
tricity sold to the Spanish gridwas assumed as a negative variable cost. Finally, the depreciationmodel is linear and considers a depreciation period of
10 years according to the cost model proposed by the Department of Energy of the United States of America for hydrogen production technologies
(Steward et al., 2008).

2.2.3. Taxes and externalities
To evaluate the influence of charges (Eq. (7)), an average tax rate (r) of 30% of the profit was assumed according to the simplified approach in

Kuckshinrichs et al. (2017). The profit of the year t (Bt) was calculated as the yearly income minus It, Ft and Vt, while income was defined as Qt

times the selling price (€·kg−1 ) making NPV zero. In this regard, an iterative trial and error method was followed to calculate such a selling price,
which corresponds to the LCoH.

TAXES ¼
Pn

t¼0 Bt ∙rð Þ∙ 1þi
1þd

� �t

Pn
t¼0 Qt ∙ 1þi

1þd

� �t ð7Þ

In case of internalising external costs (Eq. (8)), these externalities were calculated to balance the public expense for climate change and human
health and included in the economic balance of the plant operation. For both hydrogen energy systems, the climate change- and human health-
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related externalities were computed by applying the monetising factors associated with the different substances emitted (Tables 2 and 3) and the
life-cycle emissions from the LCA study of SMR_H2 and BG_H2 (Table 4). The monetising factors were based on those reported in the CASES project
dataset (Porchia and Bigano, 2008).

Ex ¼
Pn

t¼0 Qt ∙et ∙ 1þi
1þd

� �t

Pn
t¼0 Qt ∙ 1þi

1þd

� �t ð8Þ

The external cost referred to the year t, et, was calculated according to Eq. (9):

et ¼
Xm
x¼0

Emissionx∙ CCex;t þ HHex
� � ð9Þ

In Eq. (9), Emissionx is the emitted amount of the substance x (in kg) for the production of 1 kg of hydrogen (Table 4), whilem is the number of
substances involved. CCex,t and HHex are the monetising factors of climate change and human health, respectively, expressed in €2017 per kg of sub-
stance x emitted (values in Tables 2 and 3 converted into €2017 per kg). On the one hand, the monetising factors related to climate change (Table 2)
are based onmarginal damage estimates for different emission periods due to the non-linear response of damages to changes in the concentration of
greenhouse gases in the atmosphere (Anthoff, 2007). On the other hand, the monetising factors related to human health are based on the constant

Table 2
External costs associated with climate change (€2017 per tonne of emission).

Item Year 2015 Year 2020 Year 2025 Year 2030 Year 2035 Year 2040

CO2 35 37 41 44 47 64
CH4 797 856 945 1004 1092 1476
N2O 10,259 11,019 12,159 12,918 14,058 18,998

Table 3
External costs associated with human health in Spain.

Substance Compartment External cost Unit

NH3 Air 2.02 · 103 €2017·t−1

NMVOC Air 1.35 · 102 €2017·t−1

NOx Air 3.01 · 103 €2017·t−1

PMco Air 1.16 · 103 €2017·t−1

PM2.5 Air 1.90 · 104 €2017·t−1

SO2 Air 6.07 · 103 €2017·t−1

Cd Air 1.13 · 105 €2017·t−1

As Air 7.12 · 105 €2017·t−1

Ni Air 1.59 · 103 €2017·t−1

Pb Air 3.82 · 105 €2017·t−1

Hg Air 1.14 · 107 €2017·t−1

Cr Air 9.49 · 103 €2017·t−1

Cr-VI Air 4.75 · 104 €2017·t−1

Formaldehyde Air 2.86 · 102 €2017·t−1

Dioxin Air 5.29 · 1010 €2017·t−1

Aerosols, radioactive, unspecified Air 3.68 · 10−4 €2017·kBq−1

Carbon-14 Air 1.70 · 10−2 €2017·kBq−1

Cesium-137 Air 1.36 · 10−3 €2017·kBq−1

Cesium-137 Water 1.80 · 10−5 €2017·kBq−1

Tritium Air 7.54 · 10−7 €2017·kBq−1

Tritium Water 1.56 · 10−7 €2017·kBq−1

Iodine-129 Air 1.18 · 10−2 €2017·kBq−1

Iodine-131 Air 3.74 · 10−3 €2017·kBq−1

Iodine-131 Water 1.17 · 10−2 €2017·kBq−1

Iodine-133 Air 5.37 · 10−7 €2017·kBq−1

Krypton-85 Air 3.94 · 10−8 €2017·kBq−1

Radon-222 Air 4.60 · 10−7 €2017·kBq−1

Thorium-230 Air 5.52 · 10−3 €2017·kBq−1

Uranium-234 Air 1.47 · 10−3 €2017·kBq−1

Uranium-234 Air 3.64 · 10−5 €2017·kBq−1

Uranium-235 Air 1.20 · 10−3 €2017·kBq−1

Uranium-235 Water 1.32 · 10−4 €2017·kBq−1

Uranium-238 Air 1.29 · 10−3 €2017·kBq−1

Uranium-238 Water 3.61 · 10−4 €2017·kBq−1

Sr-90 Water 8.65 · 10−7 €2017·kBq−1

Pb-210 Air 1.84 · 10−4 €2017·kBq−1

Po-210 Air 1.84 · 10−4 €2017·kBq−1

Ra-226 Air 1.10 · 10−4 €2017·kBq−1
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concentration-response function for a wide range of pollutants, including classical pollutants, dioxins and furans, heavy metals, and radionuclides
(Preiss et al., 2008). Finally, it should be noted that the climate change-related monetising factors for years not available in Table 2 were calculated
through linear interpolation.

2.3. Eco-efficiency calculation

The expression of eco-efficiency (Eq. (1)) uses as the LCC indicator in the numerator the amount of hydrogen produced per euro spent (i.e., the
reciprocal of LCoH) since, from a plantmanager's standpoint, it represents a functional value tomaximise. On the other hand, in the denominator, the
harmonised impacts of GWP, AP and CED (Table 1) are the three separate life-cycle environmental indicators to minimise. This definition of eco-
efficiency matches the concept of environmental productivity (Huppes and Ishikawa, 2005b) and is also in line with the traditional eco-efficiency
concept (Schmidheiny, 1992). Furthermore, in order to estimate the influence of socio-environmental externalities on the quantification of eco-
efficiency, the three eco-efficiency scores (one per environmental impact) were calculated with and without internalisation of externalities within
the LCoH for each energy system.

The comparison between the two hydrogen optionswas performed through the ratio of the eco-efficiency score of the alternative option (BG_H2

with and without externalities) to that of the conventional benchmark (SMR_H2 without externalities). This ratio, defined as ‘factor-X’ according to
the International Organization for Standardization (2012), quantifies the relative level of eco-efficiency improvement or decline. Thus, the factor-X
was calculated as shown in Eq. (10):

FXk; j ¼
EEk; j

EEbenchmark; j
ð10Þ

where FXk,j is the factor-X associatedwith the technology k and the impact category j. EEk,j is the eco-efficiency score of the technology k for the impact
category j (with or without internalisation of externalities), while EEbenchmark,j is the eco-efficiency score of the reference SMR_H2 system for the im-
pact category j (without internalisation of externalities). Fig. 2 summarises the main methodological components and flows of the framework pro-
posed for the eco-efficiency assessment of hydrogen energy systems.

Table 4
Life-cycle emissions per kg of BG_H2 and SMR_H2.

Substance Compartment BG_H2 SMR_H2 Unit

CO2 Air −1.67 · 10−2 11.16 kg
CH4 Air 3.48 · 10−4 1.24 · 10−2 kg
N2O Air 8.90 · 10−4 4.09 · 10−5 kg
NH3 Air 2.97 · 10−4 3.03 · 10−5 kg
NMVOC Air 6.26 · 10−4 7.93 · 10−4 kg
NOx Air 1.08 · 10−2 7.68 · 10−3 kg
PMco Air 1.88 · 10−4 1.86 · 10−4 kg
PM2.5 Air 1.22 · 10−4 6.21 · 10−4 kg
SO2 Air −7.90 · 10−4 8.94 · 10−3 kg
Cd Air 6.36 · 10−8 2.23 · 10−8 kg
As Air 7.87 · 10−8 1.57 · 10−7 kg
Ni Air 7.38 · 10−7 7.66 · 10−7 kg
Pb Air 3.73 · 10−7 5.80 · 10−7 kg
Hg Air 1.33 · 10−8 8.69 · 10−8 kg
Cr Air 8.04 · 10−7 3.81 · 10−7 kg
Cr-VI Air 1.67 · 10−8 1.93 · 10−8 kg
Formaldehyde Air 4.76 · 10−7 2.75 · 10−6 kg
Dioxin Air 1.74 · 10−13 3.89 · 10−13 kg
Aerosols, radioactive, unspecified Air 3.99 · 10−4 5.60 · 10−5 kBq
Carbon-14 Air 3.39 · 10−2 −4.34 · 10−3 kBq
Cesium-137 Air 2.52 · 10−9 3.74 ∙ 10−10 kBq
Cesium-137 Water 4.64 · 10−3 −9.15 ∙ 10−4 kBq
Tritium Air −3.13 · 10−2 1.50 ∙ 10−1 kBq
Tritium Water −2.13 1.07 ∙ 10−1 kBq
Iodine-12 Air −4.09 · 10−6 4.48 ∙ 10−5 kBq
Iodine-13 Air 1.28 · 10−4 6.00 ∙ 10−5 kBq
Iodine-131 Water −3.17 · 10−7 1.63 ∙ 10−6 kBq
Iodine-13 Air 8.24 · 10−9 3.74 ∙ 10−8 kBq
Krypton-85 Air 1.04 · 10−3 4.76 ∙ 10−4 kBq
Radon-222 Air −90.3 464 kBq
Thorium-230 Air 1.32 · 10−4 1.32 ∙ 10−5 kBq
Uranium-234 Air 1.27 · 10−4 4.10 ∙ 10−5 kBq
Uranium-234 Water −1.51 · 10−5 7.78 ∙ 10−5 kBq
Uranium-235 Air −3.86 · 10−7 1.98 ∙ 10−6 kBq
Uranium-235 Water −2.49 · 10−5 1.28 ∙ 10−4 kBq
Uranium-238 Air 9.44 · 10−5 1.45 ∙ 10−4 kBq
Uranium-238 Water −3.33 · 10−5 2.35 ∙ 10−4 kBq
Sr-90 Water 3.38 · 10−3 2.15 ∙ 10−3 kBq
Pb-210 Air −7.40 · 10−5 5.08 ∙ 10−7 kBq
Po-210 Air 2.00 · 10−4 9.19 ∙ 10−4 kBq
Ra-226 Air 8.17 · 10−5 2.44 ∙ 10−4 kBq
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3. Results and discussion

3.1. LCC results

According to the procedure explained in Section 2.2, the calculation
of the LCoH for BG_H2 and SMR_H2 is summarised in Table 5. The results
are broken down by the different economic components (i.e., CAPEX,
OPEX, taxes, and externalities) in order to facilitate the identification
of the main contributors to the levelised cost. Overall, the LCoH for
BG_H2 is significantly higher than for SMR_H2.

When externalities are not embedded in the analysis, BG_H2 shows
an LCoH around 65% higher than the one for conventional hydrogen
(SMR_H2). On the other hand,when externalities are internalised, an in-
crease in the LCoH of 1% and 26% was observed for BG_H2 and SMR_H2,
respectively. Hence, the LCoH for BG_H2 remains unfavourable

compared to SMR_H2, but being 32% higher (rather than 65%). In
other words, the inclusion of the external costs related to climate
change and human health, though significant, does not tip the economic
balance in favour of the renewable hydrogen option. Furthermore, the
economic benefits associated with the electricity surplus of the BG_H2

system were found not to have a major influence on the LCoH results.
In this regard, if no economic benefits were attributed to such an elec-
tricity surplus, the LCoHwithout externalities would increase below 2%.

Concerning the main contributors to the LCoH, operating expenses
were found to play the leading role in both hydrogen options, account-
ing for more than 60% of the LCoH in any case. In this respect, the costs
for biomass in BG_H2 and natural gas in SMR_H2 dominate the respec-
tive operating costs (Susmozas, 2015). Regarding capital expenses,
they were found to affect more BG_H2 than SMR_H2, while taxes (ex-
cluding externalities) showed a similar contribution in both hydrogen
options.

At this point of the analysis, it should be highlighted that LCA and
LCC results lead to opposite conclusions on the suitability of hydrogen
from indirect biomass gasification as an alternative to conventional hy-
drogen. In contrast to the unfavourable performance of BG_H2 in terms
of LCoH (bothwith andwithout the internalisation of external costs), its
life-cycle environmental profile –according to the harmonised GWP, AP
and CED impacts reported in Table 1– is significantly better than that of
SMR_H2, especially in terms of carbon and energy footprint.

A robust comparison with other hydrogen options in terms of LCC
results is not addressed herein due to the need for consistent methodo-
logical choices in the economic assessment in order to mitigate misin-
terpretation concerns. In this regard, while there is a relatively

Fig. 2.Methodological framework for eco-efficiency assessment of hydrogen energy systems.

Table 5
Breakdown of the levelised cost of BG_H2 and SMR_H2 (€2017 per kg H2).

Item BG_H2 SMR_H2

Capital cost 0.58 0.13
Operating cost 2.54 1.70
Taxes 0.47 0.34
External cost (climate change) 0.01 0.48
External cost (human health) 0.03 0.09
LCoH without externalities 3.59 2.17
LCoH with externalities 3.63 2.74
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complete library of harmonised life-cycle environmental indicators
(Valente et al., 2019), such a library is not yet available for LCoH.

3.2. Eco-efficiency results

Given the previous results, it is challenging to decide which hydro-
gen option is preferred under life-cycle techno-economic and environ-
mental aspects. Within this context, the eco-efficiency assessment
proposed arises as a useful tool to enrich the interpretation of the
results.

In order to measure the eco-efficiency of the selected hydrogen op-
tions, the harmonised environmental impacts (Table 1) were combined
with the LCoH results (Table 5) following Eq. (1), i.e. the ratio of the re-
ciprocal of the LCoH for the technology (SMR_H2 or BG_H2) to the
harmonised environmental impact (GWP, AP or CED). Accordingly,
Table 6 presents the eco-efficiency scores of BG_H2 and SMR_H2 both
with and without internalisation of externalities. In this table higher
values indicate better eco-efficiency performance.

The eco-efficiency results of BG_H2 were found to be remarkably
better (5–38 times higher) than those of SMR_H2 when using GWP or
CED as the life-cycle environmental indicator. In contrast, SMR_H2

arose as a slightly more eco-efficient option when opting for AP as the

environmental indicator. As expected, when compared to the eco-
efficiency scores without internalisation of externalities, such an
internalisation led to a decrease in the eco-efficiency results (due to a
reduction of the product system value) as well as to the enhancement
of the relative performance of BG_H2 with respect to SMR_H2.

Given the common difficulty in understanding the dimensions and
units of the eco-efficiency score, the calculation of (dimensionless)
factor-X scores is addressed in order to allow an easier reporting of
the eco-efficiency results. Nevertheless, it should be noted that –in con-
trast to other approaches to multi-criteria decision analysis
(Martín-Gamboa et al., 2016, 2017)–, an easy-to-report 0–1 scale is
not used in this study. Fig. 3 shows the results regarding the factor-X cal-
culated according to Eq. (10), i.e. the ratio of the eco-efficiency of the al-
ternative option to that of the conventional benchmark (SMR_H2

without externalities). In the figure, factor-X values higher than 1 indi-
cate an improvement in eco-efficiency (green area) with respect to the
base case (i.e., SMR_H2 without externalities). In contrast, factor-X
values lower than 1 represent a decline in eco-efficiency (red area).
When using SMR_H2 without externalities as the benchmark for the
other options, the internalisation of externalities did not significantly af-
fect the interpretation of the eco-efficiency analysis. In other words, al-
though the integration of externalities led to changes in the quantitative
results, the main conclusion about which option outperforms the other
from an eco-efficiency perspective was maintained.

Overall, when combining life-cycle economic and environmental as-
pects, renewable hydrogen from the BG_H2 system shows a signifi-
cantly better performance than conventional hydrogen from the
SMR_H2 system. Even though a deep discussion of a single eco-
efficiency or factor-X score is out of the scope of this work, Fig. 4 illus-
trates this type of result when assuming equal weights (0.33) for the
three environmental criteria. The big gap between BG_H2 and SMR_H2

–with or without internalising externalities– further remarks the pref-
erence for the renewable option over the conventional one. Despite po-
tential duplicity concerns due to the expected correlation betweenGWP
and CED (Valente et al., 2018a), only under a highly-biased weighting
that prioritises the acidification indicator, this interpretation could be
altered. In this regard, it should be noted that weighting is usually at
the discretion of the involved decision- and policy-makers.

Fig. 3. Eco-efficiency diagram of BG_H2 and SMR_H2.

Table 6
Eco-efficiency results of BG_H2 and SMR_H2.

Item BG_H2 SMR_H2

Without externalities
EEGWP

a [(kg H2)2 ·(€·kg CO2 eq)−1 ] 1.54 4.04 · 10−2

EEAPb [(kg H2)2 ·(€·kg SO2 eq)−1 ] 1.92 · 10−2 2.48 · 10−2

EECEDc [(kg H2)2 ·(€·MJ)−1 ] 1.10 · 10−2 2.30 · 10−3

With externalities
EEGWP

a [(kg H2)2 ·(€·kg CO2 eq)−1 ] 1.53 3.20 · 10−2

EEAPb [(kg H2)2 ·(€·kg SO2 eq)−1 ] 1.89 · 10−2 1.97 · 10−2

EECEDc [(kg H2)2 ·(€·MJ)−1 ] 1.08 · 10−2 1.82 · 10−3

a EEGWP: eco-efficiency score for the impact category of global warming potential.
b EEAP: eco-efficiency score for the impact category of acidification potential.
c EECED: eco-efficiency score for the impact category of cumulative non-renewable en-

ergy demand.
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Miah et al. (2017) identified six different types of eco-efficiency con-
cepts, each one based on different assumptions and limitations. This sit-
uation emphasises the difficulties in comparing products and services
from different studies due to inconsistencies in the methodological
frameworks. Actually, consistency concerns arise even when limiting
the comparison to ISO-compliant results from different studies, e.g.
due to a different definition of the economic life-cycle indicators
(Miah et al., 2017). Hence, a robust comparison of the results presented
in this study with other hydrogen options in terms of eco-efficiency is
not addressed due to, not only the scarce availability of eco-efficiency
studies of hydrogen energy systems, but also the need for consistent
methodological choices in both environmental and economic assess-
ment. In broad terms, combining the eco-efficiency results of this
study with those in Lee et al. (2011), the potentially favourable perfor-
mance of BG_H2 could be extended to its benchmarking against conven-
tional fossil fuels such as diesel. The specific methodological framework
applied herein for the eco-efficiency assessment of hydrogen could
serve as a starting point paving the way for future, robust comparative
studies in this field.

4. Conclusions

The ISO-based methodological framework developed in this study
for the eco-efficiency assessment of hydrogen energy systems proved
to support and enrich decision-making processes by robustly involving
and combining environmental and economic aspects. This type of ad-
vances in the field of energy systems analysis could help decision-and
policy-makers identify appropriate options in the path towards clean
and affordable energy within the frame of SDGs. Under the proposed
framework, renewable hydrogen produced through indirect biomass
gasification is concluded to be a suitable alternative to conventional hy-
drogen from the steam reforming of natural gas following a life-cycle
eco-efficiency perspective. Thus, the eco-efficiency assessment con-
ducted in this study was found to overcome the decision-making con-
tradictions that arise when life-cycle economic and environmental
indicators are assessed separately. Even though the inclusion of socio-
environmental external costs was not found to affect the main findings
from the eco-efficiency assessment, it led to further stress the suitability
of the renewable hydrogen option. Finally, future practitioners willing
to assess the eco-efficiency of hydrogen energy systems are highly

encouraged to use the tailor-made, ISO-consistent method illustrated
in this study. In this regard, even though the application of the method
could be limited to skilled analysts, the eco-efficiency results coming
from this type of study are expected to be useful for a wide range of ac-
tors such as energy planners and policy-makers.
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a b s t r a c t

Hydrogen is a key product for a cleaner energy sector. However, the suitability of the

different hydrogen production options should be checked from a life-cycle perspective. The

Life Cycle Sustainability Assessment (LCSA) methodology is helpful for this purpose,

allowing a thorough interpretation of a product system's performance by integrating eco-

nomic, environmental and social indicators. This work presents an LCSA of renewable

hydrogen from biomass gasification, and its sustainability benchmarking against con-

ventional hydrogen from steam methane reforming. Environmental (global warming and

acidification), economic (levelised cost) and social (child labour, gender wage gap, and

health expenditure) life-cycle indicators are characterised and jointly interpreted. The

results show that hydrogen from biomass gasification cannot yet be thoroughly considered

a sustainable alternative to conventional hydrogen mainly due to economic and social

concerns. However, improvement actions leading to an increase in process efficiency

would significantly enhance the system's performance in each of the three sustainability

dimensions.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Hydrogen is acknowledged as a crucial energy product to-

wards the decarbonisation of the energy sector [1], with po-

tential applications across different areas such as transport,

residential heating, and power generation [2e4]. Moreover,

numerous technological pathways einvolving different feed-

stock and energy sources [5]e are available for the production

of hydrogen. However, in order to actually contribute to

establishing a cleaner and sustainable energy sector,

hydrogen needs to be produced from renewable, clean and

affordable feedstock and energy [6e8]. In this sense, the

assessment of environmental, economic and social aspects

froma life-cycle perspective is needed to thoroughly check the

sustainability performance of hydrogen energy systems.

Life Cycle Sustainability Assessment (LCSA) arises as a

suitable methodology when it comes to comprehensively

evaluating and jointly interpreting economic, environ-

mental and social aspects of product systems [9]. Regarding

the evaluation of the environmental and economic di-

mensions, the use of the well-established Life Cycle

Assessment [10,11] and Life Cycle Costing (LCC) [12] meth-

odologies is commonly involved. Finally, for the evaluation

* Corresponding author.
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of the social dimension, Social Life Cycle Assessment (SLCA)

is considered the reference methodology [13,14], though

less mature than LCA and LCC.

According to the scientific literature available on the life-

cycle evaluation of hydrogen energy systems, the situation

regarding the number of LCA, LCC and SLCA studies is

significantly unbalanced, as shown in Fig. 1. A relatively high

number of studies address the environmental dimension

through LCA, with global warming (GWP), acidification (AP)

and cumulative energy demand (CED) as the most common

life-cycle environmental indicators [15]. A considerably lower

number of studies assess the economic dimension from a life-

cycle perspective, with capital expenses (CAPEX), operating

expenses (OPEX), levelised cost of hydrogen (LCoH) and

climate change-related external costs as common life-cycle

economic indicators. It should be noted that less than a half

of these LCC studies address renewable hydrogen production

systems, and a short number of them provide a joint inter-

pretation of environmental and economic life-cycle indicators

[16e20].

Regarding SLCA, being a relatively novel area, its applica-

tion to hydrogen energy systems is still very scarce. Hence, the

identification of the most common social life-cycle indicators

could be misleading. The few studies assessing the social

dimension with an actual life-cycle perspective address

hydrogen produced through alkaline water electrolysis pow-

ered by different national electricity production mixes [21,22].

Regarding LCSA, only [21] provides a complete sustain-

ability picture by jointly interpreting environmental, eco-

nomic and social life-cycle indicators. In fact, no studies

providing a life-cycle sustainability benchmarking of alter-

native hydrogen options against conventional hydrogen were

found. For the purposes of this article, “sustainability bench-

marking” refers to the comparison of a set of environmental,

Fig. 1 e Literature overview of life-cycle studies of hydrogen energy systems.
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economic and social life-cycle indicators of a given hydrogen

option against those of a reference system (herein represented

by conventional hydrogen from natural gas steam reforming).

In other studies on the sustainability assessment of

hydrogen energy systems, the focus is not on the life-cycle

performance but on other aspects such as plant inherent

hazards [23] and multi-criteria decision analysis [24,25],

applying the life-cycle concept mainly to the environmental

component of the analysis. Overall, according to the state-of-

the-art in hydrogen energy systems analysis, a lack of case

studies addressing sustainability with an actual life-cycle

perspective is acknowledged. This work contributes to filling

this gap by (i) assessing the life-cycle sustainability perfor-

mance of renewable hydrogen produced through biomass

gasification, and (ii) robustly benchmarking such a perfor-

mance against conventional hydrogen from steam methane

reforming (SMR) under environmental, economic and social

life-cycle indicators.

Material and methods

To achieve the goal of a robust life-cycle sustainability

benchmarking of hydrogen from biomass gasification (BG_H2)

against conventional hydrogen from natural gas steam

reforming (SMR_H2), both systems need to be characterised

through a set of environmental, economic and social life-cycle

indicators. Fig. 2 shows the methodological framework

developed in this study for the LCSA of hydrogen energy

systems.

The definition of the two hydrogen production systems

was based on [26,27]. Fig. 3 shows the main components,

processes and operating conditions for both the renewable

hydrogen system (Fig. 3a) and the conventional one (Fig. 3b).

The two hydrogen production plants were assumed to be

located in Spain, and they involve a high daily capacity of

hydrogen production (110 t and 470 t for BG_H2 and SMR_H2,

respectively), 310 operating days per year, and similar total

investment costs [17]. Both systems were assessed from

feedstock production to hydrogen compression, and the

functional unit (FU) was defined as 1 kg of hydrogen with

99.9 vol% purity at 200 bar and 25 �C [28].

When pursuing a robust benchmarking study, a significant

aspect that needs to be taken into account is the mitigation of

misinterpretation concerns due to inconsistent methodolog-

ical choices. In this regard, for the environmental component

of the analysis, libraries of harmonised life-cycle environ-

mental indicators are available for a wide range of hydrogen

options in terms of GWP [28], AP [29], and CED [30]. The use of

harmonised values in comparative studies guarantees meth-

odological consistency regarding the life-cycle impact

assessment method, the general modelling approach, system

boundaries, the FU, multifunctionality approaches, and the

final conditions of hydrogen [28e31]. As shown in Fig. 2, GWP

and AP were the environmental life-cycle indicators selected

for the study due to both their relevance and their availability

as harmonised indicators [28,29]. It should be noted that, due

to potential duplicity concerns associated with the expected

correlation between GWP and CED [30,31], the CED indicator

was not included in the study.

As regards the economic dimension of the analysis, the

life-cycle indicator considered was the LCoH, i.e. the ratio of

the total system cost over its lifetime to the amount of

hydrogen produced over the lifespan. The use of LCoH allows

comparisons between technologies with different features

such as capacity, size and lifespan, while including a number

of economic and financial contributions to the final cost (e.g.,

capital costs, operating andmaintenance costs, avoided costs,

taxes, and incomes) [32]. For the specific systems defined in

this study, the LCoH can be directly retrieved from Ref. [17].

Table 1 gathers the life-cycle environmental and economic

indicators used in this study which are directly available for

both BG_H2 and SMR_H2.

On the other hand, regarding the social component of the

analysis, the SLCA of hydrogen energy systems is still un-

derdeveloped. Thus, robust social life-cycle indicators for the

hydrogen systems under study are not directly available. To

fill this gap towards a comprehensive life-cycle sustainability

benchmarking of BG_H2 against SMR_H2, the SLCA of both

hydrogen energy systems was specifically undertaken in this

work. Figs. 4 and 5 show the scope defined for the social

assessment of BG_H2 and SMR_H2, respectively. In these fig-

ures, each process box can be understood as a separate plant

involved in the supply chain of each hydrogen option. For

each system, those plants with a high contribution to the

system's economic [17] and environmental [26] performance

were included in the scope of the social assessment. The

methodological approach to the quantification of social life-

cycle indicators was based on the PSILCA database [33],

which acts as both a data source and an impact assessment

method. Accordingly, two main terms drive the characteri-

sation of each social indicator: (i) the hours worked at each

plant p per FU (Wp), and (ii) the risk factor for each social in-

dicator j and plant p (Rj,p, expressed in medium risk hours,

mrh, per working hour). Eq. (1) represents this quantification

procedure:

Sj ¼
Xn

p¼1

Wp$Rj;p (1)

where Sj represents the characterisation result (inmrh per FU)

for the social indicator j, and n is the number of plants

included in the system (P1eP13 for BG_H2 in Fig. 4, and P1eP14

for SMR_H2 in Fig. 5).

Wp can be understood as a term of activity specific to the

plant p, and Rj,p as a term of intensity specific to the social

indicator j as well as to the country and sector associated with

the plant p according to the PSILCA database [33]. Regarding

the activity term, two situations are distinguished: (i) direct

quantification of the working hours per FU for those plants

with specific inventories built in the study (i.e., P9 and P13 in

Fig. 4, and P10 and P14 in Fig. 5; see Section Life-cycle

inventories for social assessment), and (ii) indirect quantifi-

cation of the working hours per FU for the remaining plants.

For the latter, the application of Eq. (2) before Eq. (1) is required

in order to convert the inventoried economic flows (see Sec-

tion Life-cycle inventories for social assessment) into working

hours:

Wp ¼ Vp$W
'
p (2)
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where Vp is the economic value in USD per FU linked to the

plant p, and W'
p stands for the number of working hours per

USD for the plant p based on the country and sector associated

with this plant according to the PSILCA database [33].

As shown in Fig. 2, three social life-cycle indicators were

selected. Two of them etotal child labour (CL) and gender

wage gap (GWG)e represent labour market dysfunctions

relevant to the stakeholder category ‘workers’ [33]. The third

one refers to health expenditure (HE) and is relevant to the

stakeholder category ‘society’ [33]. These three indicators are

among the recommended social topics in SLCA [14,34,35], and

they are relevant indicators for the countries involved in the

scope of the hydrogen energy systems under study (Figs. 4 and

5). Furthermore, they are strongly related to key subjects

within the United Nations' Sustainable Development Goals

[36]. The quantification of these three indicators was carried

out in terms of medium risk hours per FU for each specific

social issue. In this sense, the higher an indicator is, the worse

the social performance is under the specific issue addressed.

Regarding these specific social issues, child labour takes into

consideration children between 7 and 14 years old involved in

economic activities; gender wage gap takes into account the

Fig. 2 e Methodological framework for the LCSA of hydrogen energy systems.
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difference of salary between male and female workers on a

full-time basis; and health expenditure takes into account

both public and private expenditure.

Results and discussion

Life-cycle inventories for social assessment

Regarding the SLCA of BG_H2 and SMR_H2, and according to

the scope defined in Figs. 4 and 5, specific inventories were

built for the hydrogen production plants (P13 in Fig. 4 and P14

in Fig. 5) as well as for the plants providing themain feedstock

(i.e., P9 epoplar cultivatione in Fig. 4, and P10 eSpanish nat-

ural gas supplye in Fig. 5). For the remaining plants, the social

inventories were directly retrieved from the PSILCA database

based on the specific country and sector associated with each

plant [33].

Table 2 presents the life-cycle inventory of the biomass

gasification plant, which was built according to literature in-

formation [17,27]. The economic flows included in this table

are directly associated with PSILCA inventories, whereas the

poplar mass flow is linked to the specific inventory presented

in Table 3 for the biomass cultivation plant (built according to

Ref. [37]). In the biomass gasification system, the net output of

co-produced electricity was assumed to be sold to the Spanish

grid, which is reported in Table 2 as a negative economic flow.

This avoided burden approach is consistent with the choice

made to address the multifunctionality associated with the

BG_H2 system in the environmental [28,29] and economic [17]

components of the study.

Similarly, the life-cycle inventory of the conventional

hydrogen production plant (Table 4) was built according to the

information in Refs. [17,27]. The economic flows in Table 4 are

directly linked to PSILCA inventories, while the volumetric

Fig. 3 e Hydrogen production systems based on (a) biomass gasification, and (b) steam methane reforming.

Table 1 e Environmental and economic life-cycle
indicators of BG_H2 and SMR_H2 (values per kg H2).

Indicator Unit BG_H2 SMR_H2 Reference

GWP kg CO2 eq 0.18 11.43 [28]

AP kg SO2 eq 1.45∙10�2 1.86∙10�2 [29]

LCoH V2017 3.59 2.17 [17]
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flow of natural gas is associated with the specific inventory

presented in Table 5. The flows reported in Table 5 consider

the Spanish natural gas grid mix according to national sta-

tistics [38,39].

The social risk factors (Rj,p) for the hydrogen plants, the

poplar cultivation plant and the natural gas distributed in

Spain were assumed as those of the industry “manufacture of

gases”, the commodity “forestry, logging and related services

Fig. 4 e Division of the BG_H2 system into plants for the social assessment.

Fig. 5 e Division of the SMR_H2 system into plants for the social assessment.
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and activities” and the commodity “manufacture of gas, dis-

tribution of gaseous fuels”, respectively (retrieved for Spain

from the PSILCA database [33]). For the remaining plants,

country- and sector-specific information (Rj,p and W'
p) is

directly available in the PSILCA database [33].

However, it should be noted that the PSILCA database

does not provide data for the GWG risk level of the natural

gas industry of Nigeria and Algeria. Hence, for a reliable

comparison between BG_H2 and SMR_H2, the GWG risk

level for these countries was determined using the meth-

odology described in Ref. [33]. In this respect, the GWG risk

level refers to the ratio of the difference between the male

and the female earned income to the male earned income.

This was estimated for Nigeria and Algeria based on the

country-specific (though not sector-specific) information

reported in Ref. [40]. Accordingly, the GWG risk level of the

natural gas manufacturing sector was modified from “no

data” to “high risk” and “very high risk” for Nigeria and

Algeria, respectively.

Characterisation of the social dimension

The characterisation of the three selected social life-cycle in-

dicators is presented in Table 6. The performance of hydrogen

from biomass gasification was found to be two and three

times worse than that of conventional hydrogen in terms of

GWG and HE, respectively. In contrast, a favourable perfor-

mance was found for the renewable hydrogen option in terms

of child labour (with no CL impact for the scope considered).

These findings are driven by the combination of the social

profile of the country-specific sectors involved along the

supply chain of each system and the number of working hours

to produce the FU, which is closely linked to the technical

efficiency of the processes. In this respect, despite the gener-

ally lower social risk of the countries involved in the supply

chain of BG_H2, the relatively low technical efficiency of

biomass gasification makes a higher amount of resources and

working hours necessary [26], thus penalising the social

footprint of the renewable hydrogen option in comparison

with conventional hydrogen. In fact, as shown in Tables 2 and

4, the amount of working hours per FU required for BG_H2 is

more than four times that for SMR_H2.

Fig. 6 shows the comparison of the social performance of

both hydrogen options for the three life-cycle indicators, as

well as the contribution to each social impact broken down by

plant. Those plants with a relative contribution below 5%

were considered within the label “rest”. Regarding the CL in-

dicator, the unfavourable performance of SMR_H2 was found

to be associated with the natural gas supplied by Algeria and

Nigeria to Spain. The natural gas supplied by Algeria was also

Table 2 e Inventory data per kg of hydrogen for the social
assessment of the biomass gasification plant (P13).

Item Unit Amount

Civil engineering (ES, P11) USD2017 0.09

Collection, purification and

distribution of water (ES, P5)

USD2017 0.10

Manufacture of chemicals and

chemical products (ES, P6)

USD2017 0.11

Manufacture of machinery and

equipment (ES, P8)

USD2017 0.07

Manufacture of machinery and

equipment (AT, P10)

USD2017 0.02

Other land transport; transport

via pipelines (ES, P7)

USD2017 0.34

Wet poplar (ES, P9) kg 36.28

Production and distribution of

electricity (ES, P4)

USD2017 �0.08

Recycling (ES, P12) USD2017 0.06

Labour (ES, P13) h 1.45∙10�3

Table 3e Inventory data per kg ofwet poplar for the social
assessment of the biomass cultivation plant (P9).

Item Unit Amount

Agricultural machinery (ES, P3) USD2017 0.03

Forestry, logging and related

service activities (ES, P1)

USD2017 0.02

Manufacture of pesticides and other

agro-chemical products (ES, P2)

USD2017 0.03

Labour (ES, P9) h 7.50∙10�4

Table 4 e Inventory data per kg of hydrogen for the social
assessment of the steam reforming plant (P14).

Item Unit Amount

Civil engineering (ES, P12) USD2017 0.02

Collection, purification and

distribution of water (ES, P7)

USD2017 0.04

Manufacture of chemicals and

chemical products (ES, P9)

USD2017 <0.01

Manufacture of machinery and

equipment (ES, P11)

USD2017 0.02

Natural gas (ES, P10) Nm3 0.33

Production and distribution

of electricity (ES, P8)

USD2017 0.24

Recycling (ES, P13) USD2017 0.01

Labour (ES, P14) h 3.38∙10�4

Table 5 e Inventory data for the social assessment of
1 Nm3 of natural gas distributed in Spain (P10).

Item Unit Amount

Crude petroleum and natural gas (NO, P4) USD2017 0.03

Electricity, gas, and water supply (DZ, P3) USD2017 0.22

Electricity, gas, and water supply (NG, P6) USD2017 0.04

Electricity, gas, and water supply (QA, P5) USD2017 0.04

Other land transport; transport

via pipelines (ES, P1)

USD2017 0.10

Production and distribution of

electricity (ES, P2)

USD2017 <0.01

Labour (ES, P10) h 2.40∙10�4

Table 6 e Social life-cycle profile of conventional
hydrogen and hydrogen from biomass gasification
(values in mrh∙kg¡1 H2).

Social indicator SMR_H2 BG_H2

Child labour (CL) 0.040 0

Gender wage gap (GWG) 0.309 0.594

Health expenditure (HE) 0.044 0.128
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found to dominate the GWG impact of SMR_H2, while its

contribution to the HE impact ethough significante was

found to be lower than that of the natural gas supplied by

Qatar and Nigeria. The key role of Algeria in the social per-

formance of non-renewable hydrogen is in agreement with

previous studies dealing with a different technology

(hydrogen production through alkaline electrolysis powered

by the Spanish grid electricity) [21,22]. The higher relevance of

Algeria in two of the three social impact categories is linked to

the different risk level observed for the natural gas sector in

this country in terms of GWG (very high), CL (high), and HE

(medium) [33]. Regarding BG_H2, the poplar cultivation plant

and its upstream plants were identified as the main sources

of the unfavourable performance of this renewable hydrogen

option in terms of both GWG and HE. Overall, regarding the

identification of impact sources, the findings from the SLCA

study show a high level of agreement with those from the

LCA and LCC studies. In this sense, for both hydrogen energy

systems, the main source of environmental, economic and

social impact refers to the life-cycle stage of feedstock

production.

Joint interpretation for sustainability assessment

For the robust interpretation of the sustainability perfor-

mance of BG_H2, Fig. 7 shows the characterisation of its

environmental, economic and social life-cycle indicators in

relative terms with respect to the benchmark (i.e.,

SMR_H2). In this radar chart, the points falling within the

dashed hexagon indicate a better performance of BG_H2

compared to SMR_H2, while the points outside the hexagon

indicate a worse performance of the renewable hydrogen

option.

On the one hand, BG_H2 outperforms SMR_H2 for three out

of six sustainability indicators. In particular, the renewable

hydrogen option shows significantly better scores than con-

ventional hydrogen in terms of child labour, global warming

and, to a lesser extent, acidification. On the other hand,

SMR_H2 involves a significantly better performance than

BG_H2 in terms of health expenditure, gender wage gap, and

levelised cost.

Overall, the results show that hydrogen from biomass

gasification cannot yet be unequivocally considered a

Fig. 6 e Comparison between BG_H2 and SMR_H2 and plant contribution to the social impacts.
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sustainable alternative to conventional hydrogen mainly due

to economic and social concerns. Nevertheless, improve-

ments in the biomass gasification technology [41] eespecially

those leading to an increased technical efficiency and a sub-

sequent decrease in feedstock and labour requirementse

would significantly enhance the system's performance in each

of the three common sustainability dimensions. In other

words, technological enhancement could lead to a clear pri-

oritisation of hydrogen from biomass gasification over con-

ventional hydrogen from a sustainability standpoint. In this

regard, it should be noted that job creation should not come at

the expense of technical inefficiency.

At this point of the analysis, it should be noted that the

calculation of a single sustainability score is not pursued in

this study, giving preference to the joint interpretation of the

selected economic, environmental and social life-cycle in-

dicators under the umbrella of the sustainability concept.

Given the lack of decision-makers in the study, potentially

misleading conclusions on the suitability of hydrogen from

biomass gasification are thus avoided. When a final decision

is required, a tailor-made multi-criteria decision analysis

including these and other sustainability indicators should be

developed in accordance with the decision-makers involved

(e.g., policy-makers, plant managers, and/or investors). For

instance, after characterising a set of life-cycle indicators,

aggregation and weighting methods could be used to provide

a single sustainability index [42].

Conclusions

Themethodological framework developed in this work for the

sustainability assessment of hydrogen energy systems en-

ables the joint interpretation of the three common sustain-

ability dimensions following a life-cycle perspective. The

application of this specific LCSA framework to renewable

hydrogen from biomass gasification and conventional

hydrogen from natural gas reforming led to the main

conclusion that the former cannot be unambiguously deemed

as a sustainable hydrogen option to replace the latter. Despite

significant environmental advantages, relevant economic and

social concerns on hydrogen from biomass gasification are

behind this conclusion. Nevertheless, technological

enhancement for an increased efficiency of the biomass

gasification process has a large potential to promote the role

of this renewable hydrogen option as a sustainable alternative

to conventional hydrogen.
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