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A B S T R A C T   

Waste-to-hydrogen (WtH) technologies are proposed as a dual-purpose method for simultaneous non-fossil-fuel 
based hydrogen production and sustainable waste management. This work applied the life cycle assessment 
approach to evaluate the carbon saving potential of two main WtH technologies (gasification and fermentation) 
in comparison to the conventional hydrogen production method of steam methane reforming (SMR) powering 
fuel cell electric buses in Glasgow. It was shown that WtH technologies could reduce CO2-eq emissions per kg H2 
by 50–69% as compared to SMR. Gasification treating municipal solid waste and waste wood had global 
warming potentials of 4.99 and 4.11 kg CO2-eq/kg H2 respectively, which were lower than dark fermentation 
treating wet waste at 6.6 kg CO2-eq/kg H2 and combined dark and photo fermentation at 6.4 kg CO2-eq/kg H2. 
The distance emissions of WtH-based fuel cell electric bus scenarios were 0.33–0.44 kg CO2-eq/km as compared 
to 0.89 kg CO2-eq/km for the SMR-based scenario.   

1. Introduction 

Hydrogen is considered a promising energy carrier, with a role in 
tackling the global challenges of fossil fuel reliance and climate change 
through the development of a hydrogen economy. The use of hydrogen 
in fuel cell electric vehicles (FCEV) is attractive because it produces 
water and oxygen with no direct CO2, NOx or particulate matter emis-
sions (Navas-Anguita et al., 2020). Existing hydrogen generation is 
dependent on fossil fuels and approximately 50% of hydrogen produced 
globally is based on the steam methane reforming (SMR) method which 
is suboptimal from an environmental perspective (Hajjaji et al., 2016). 

A climate emergency was announced in Scotland in 2019 high-
lighting the importance of implementing mitigation efforts to reduce 
carbon emissions and encourage decarbonisation to limit the effect of 
global climate change on people and the environment. Associated 
climate change targets for Glasgow city and Scotland include achieving 
net zero emissions by 2045 (Glasgow City Council, 2020). Transport is 
the highest emitter in Scotland accounting for 37% of the total emissions 
in 2017 and is a focus for climate policies (National Statistics Publication 
for Scotland, 2019). In Scotland, FCEVs as an alternative to diesel- 
fuelled heavy vehicles have gathered increasing attention from trans-
port industries, policymakers, and governments for decarbonisation. 
Fuel cell electric buses (FCEB) are ideal for use in public transport in 

urban and high population areas (FCH JU, 2017). This is attributed to air 
pollution concerns from diesel buses, and the capability of FCEBs to 
achieve a range of medium to long travel distance (up to 500 km) and 
short refuelling times (approximately 3 min) (Edwards et al., 2021). 
FCEBs have been proposed as the alternative to diesel-fuelled buses by 
the UK government in the Hydrogen Strategy Report of 2021. The Na-
tional Bus Strategy furthers the commitment towards ending the sale of 
diesel buses and replacing them with zero emission vehicles (UK Gov-
ernment, 2021). 

Current waste management schemes are primarily based on landfill 
and incineration which are increasingly regarded as unsustainable and 
causing environmental problems including soil leaching and air pollu-
tion. In 2019, waste going to landfill in Scotland waste reached 
3,445,727 tonnes while 711,504 tonnes of waste were sent for inciner-
ation (SEPA, 2020). The carbon footprint of landfill for Scotland was 1.2 
million tonnes of CO2-eq, while incineration has a carbon impact of 
200,000 tonnes CO2-eq (SEPA, 2020). Due to the environmental impact 
of this unsustainable waste management strategy, a landfill ban will be 
introduced in Scotland from 2025 (SEPA, 2019). Therefore, it is 
important for the city to have an alternative waste disposal plan in place 
which facilitates the diversion of waste to resource recovery routes via 
for example, Waste-to-Energy and Waste-to-Hydrogen (WtH) 
development. 
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WtH production serves as a candidate for low-carbon hydrogen 
production through the utilisation of waste biomass. Conventional and 
commercial technologies producing hydrogen are energy intensive and 
therefore are CO2 intensive (Salkuyeh et al, 2018). Life cycle assessment 
(LCA) studies have been used to compare the global warming potential 
(GWP, a measure of climate change impact with a unit of equivalent 
carbon dioxide emissions (kg CO2-eq)) of WtH technologies (e.g., gasi-
fication and fermentation) with conventional fossil fuel-based technol-
ogies. For example, Valente et al., (2019) found biomass gasification had 
a lower GWP of 0.18 kg CO2-eq compared to SMR with a GWP of 11.43 
kg CO2-eq which therefore supported the suitability of gasification for 
hydrogen production. Panepinto et al., (2014) compared gasification 
and pyrolysis with incineration for the treatment of municipal solid 
waste (MSW) and found gasification could be a competitive technology 
when syngas production is considered in terms of energetic valorisation 
(fuel utilisation, thermal energy generation) and flexibility of design. 
When comparing waste to fuel technologies using MSW as the feedstock, 
Sun et al., (2021) found using MSW gasification for hydrogen produc-
tion had the lowest GWP of 897.3 kg CO2-eq/hr compared to 1245.9 kg 
CO2-eq/hr for MSW conversion to synthetic natural gas. Overall, the 
WtH technologies serve as an important low-carbon hydrogen produc-
tion route and have the potential to maximise the carbon saving po-
tential of hydrogen-related applications. 

There is increasing interest in exploring the decarbonisation poten-
tial of hydrogen-powered transport as an alternative to conventional 
fossil fuel-based options. For example, Fernández-Dacosta et al. (2019) 
found that powering the transport sector using fossil fuel-based 
hydrogen had a carbon footprint in the range of 67–112 kg CO2-eq/ 
GJ. However, associated analysis on the environmental impact of WtH 
deployment for green transport is still limited, and there is a lack of 
systematic databases on WtH-based green transport development to 
support future planning of hydrogen economy for which WtH serves one 
of the low-carbon hydrogen options. This study aims to fill the knowl-
edge gap by applying the LCA approach to compare the environmental 
impacts of two major types of WtH technologies (gasification and 
fermentation) with the conventional steam methane reforming-based 
method for green public transport development. The systematic com-
parison is a first-of-its-kind for supporting the roadmapping of 
hydrogen-powered public transport in an urban context. Sensitivity 
analysis is used to evaluate the influences of various process parameters 
on the GWP of the technologies. The results of this study will influence 
and shape the direction of future technological improvement and policy 
formulation. 

2. Materials and methods 

2.1. Glasgow 

As the largest city in Scotland by population (613,130 in 2020), 
waste generation and energy requirements within Glasgow have an 
important impact on the carbon footprint of the region (Glasgow City 
Council, 2020). Carbon-based waste is traditionally sent to landfill or 
incineration facilities within the city, which implies a waste of resource 
and a potentially higher carbon footprint (Fernández-González et al., 
2017). The carbon-based waste generated in Glasgow are divided into 
three groups: MSW, waste wood and wet waste, and is considered as the 
feedstocks for WtH generation. The MSW category consists of household 
waste, and waste of packaging, plastic and textiles. The wet waste type 
contains animal and mixed food waste, fats, oils, greases, and vegetal 
waste as well as common sludges and sorting residues which have high 
moisture contents (>40 wt%) and can make thermochemical technolo-
gies a less energy efficient option as compared to biochemical ones. 
Recycled waste, metals, glass and compostable waste diverted from 
landfill or incineration are excluded from the study. The waste genera-
tion statistics for Scotland were applied to estimate the quantity of waste 
generation in Glasgow. It is shown that the volumes of waste were 21.12 

tonnes/hr for MSW, 5.56 tonnes/hr for waste wood and 24.79 tonnes/hr 
for wet waste. 

2.2. Hydrogen production technologies 

2.2.1. Waste-to-Hydrogen 
Gasification (thermochemical), dark fermentation and dark and 

photo fermentation (biochemical) processes are considered as the 
technological candidates for WtH conversion. Gasification is chosen as it 
has higher conversion efficiencies upon hydrogen recovery compared 
with other thermochemical conversion processes including pyrolysis 
and liquefaction (Yao et al., 2018). Fermentation is considered as it is 
one of well-established biochemical technologies for recovering 
hydrogen from organic waste. SMR, one of the major conventional 
hydrogen generation technologies, on the other hand, is included as the 
conventional hydrogen production technology for comparison purposes 
(Valente et al., 2019).  

(1) Gasification 

Gasification converts carbon-based materials through partial oxida-
tion into synthesis gas (syngas). The syngas can be further processed to 
increase the quality and quantity of hydrogen, while reducing the un-
wanted components. The yield and purity of hydrogen depends on the 
design of a system and operational conditions. Typical reactor design 
options available for the gasification of waste feedstock include 
entrained flow, updraft and down drafted fixed-bed, and bubbling and 
circulating fluidised bed. Fluidised bed gasification best suits solid waste 
feedstock due to its capacity to handle the varying compositions in the 
feedstock (Molino et al., 2016). It also has the advantages of load flex-
ibility and scalability and is therefore able to adapt to the variations (e. 
g., seasonal) in waste generation (Molino et al., 2016). This work con-
siders a gasification temperature range of 750–900 ◦C at atmospheric 
pressure (1 atm) (Cao et al., 2019). Steam is the preferred agent for 
gasification-based hydrogen production because it was found to result in 
a higher H2/CO ratio of 1.6 compared to air (ratio of 0.75) or oxygen 
(ratio of 1) agents and to increase the average hydrogen content (Lepage 
et al., 2021). Catalysts such as CaO, are often used to reduce reaction 
temperature, improve the gasification rate and increase hydrogen 
selectivity (Sherif et al., 2014). 

Pre-treatment could be applied to improve the energy density and 
morphology of feedstock, which could be achieved through drying and 
grinding for lowering moisture contents and homogenising particle size 
and composition (Molino et al., 2016). Hognert and Nilsson (2015) 
found untreated MSW had a HHV of 11.3 MJ/kg which increased to 
19.9 MJ/kg after drying and ash removal. Treating the waste by 
reducing moisture content, milling and removing impurities could 
improve the overall process efficiency and reduce emissions per kg of 
hydrogen produced. 

The syngas product is mainly composed of CO, CH4 and H2 (Huang et 
al, 2018). Syngas requires cleaning (particulate removal), cooling, and 
water-gas shift (WGS) before the hydrogen gas component can be 
separated through techniques such as pressure swing adsorption (PSA). 
PSA uses an adsorbent bed at high pressure to capture impurities in the 
syngas, then releases the gases at low pressures (Nikolaidis and Poul-
likkas, 2017). Gasification also produces tar, particulate matter, heavy 
metals and other pollutants and residues that require further disposal, 
which suggests that downstream upgrading processes are needed for 
high-purity hydrogen production (as shown in the system boundaries 
(Fig. 1) defined in this work).  

(2) Dark and photo fermentation. 

Dark fermentation and combined dark and photo fermentation rely 
on the action of microorganisms to decompose carbohydrate rich waste 
and wastewater to produce H2 along with organic acids and alcohols 
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(Tian et al., 2019). The wet waste considered contains a high moisture 
content, above 40% moisture which are less suitable for thermochemical 
technology (Liu et al., 2019). Combining different waste types in 
fermentation could improve the H2 yield and lead to higher efficiencies 
(Xia et al., 2014). The raw gas product contains mainly H2 and CO2 
which can be vented and separated using PSA (Tian et al., 2019). The H2 
yield of fermentation depends on specific inoculant, cultures, substrates, 
and trace elements. To improve the efficiency of fermentation and gas 
yield a pre-treatment stage is often included in the process. Typically, 
enzymatic pre-treatment is used to breakdown the waste by using en-
zymes to hydrolyse the lignocellulose (Bu et al., 2021). The pre- 
treatment also suppresses non-H2 producing microorganisms through 
inhibiting methanogenesis which may interfere with the H2 producing 
microorganisms (Florio et al., 2018). 

Dark fermentation has relatively simple operating conditions with 
low energy requirements due to the lack of light (compared to ther-
mochemical technologies) and temperatures of between 25 ◦C and <
80 ◦C (Litti et al., 2021). Combining dark fermentation with photo 
fermentation increases the energy requirements of the system due to the 
use of wide spectral light and phototrophic microorganisms required. 
However, adding an extra conversion step for the dark fermentation 
waste residues was shown to reduce the environmental impact and in-
crease the overall H2 yield (Pandey et al., 2021) and is thus considered 
for the purpose of comparison. 

2.2.2. Steam methane reforming 
The most common methane reforming process uses natural gas and 

water (steam) to produce H2 and CO through catalytic steam reforming 

(Lozanovski et al., 2011). SMR is strongly endothermic, requiring tem-
peratures of 700–900 ◦C and a catalyst (Carapellucci and Giordano, 
2020). Pre-treatment is necessary to remove sulphur then followed by 
steam reforming in the main reactor typically using nickel-based catalyst 
(Taji et al., 2018). The syngas is cooled before the CO and H2O fractions 
are converted in the WGS reaction to increase the H2 and CO2 contents 
(Carapellucci and Giordano, 2020). The WGS is typically comprised of 
two temperature steps, the high temperature shift (HTS) reactor at 
300–450 ◦C and low temperature shift (LTS) reactors at 200–250 ◦C. The 
H2 generated is then separated from the CO2 and remaining gases via 
processes such as PSA to deliver H2 at a high purity of 99.99% (Niko-
laidis and Poullikkas, 2017). 

2.3. Hydrogen refuelling station 

Once the hydrogen gas has been separated from other gases using 
PSA, it is compressed to 200 bar from an original post gasification 
pressure of 20 bar in a booster compressor unit (Lozanovski et al., 2011). 
The compressed hydrogen is then stored in tanks or canisters before 
being transferred to the hydrogen refuelling station (HRS). The HRS 
provides the connection from hydrogen storage container to fuel cell 
vehicle and contains equipment for further compression, temporary 
storage, and dispensing the hydrogen to a vehicle. Refuelling relies on 
pressure differential between storage container and onboard vehicle 
tank. Therefore, compression of the hydrogen to 440 bar for FCEBs al-
lows for positive displacement through the dispenser to vehicle onboard 
storage of 350 bar (other vehicles are compressed to 800 bar for a 700 
bar onboard storage) (FCH JU, 2017). Compression is required due to 

Fig. 1. The system boundary of the gasification system (a) and for the fermentation processes (b) and SMR (c). The main inputs and outputs associated with the 
processes are shown in dashed boxes. 

J. Lui et al.                                                                                                                                                                                                                                       



Bioresource Technology 359 (2022) 127464

4

the low volumetric energy density of hydrogen at 0.0898 kg/m3 and this 
step saves facility space. High pressure gaseous hydrogen (HPGH2) 
storage is the most popular and widely used method for refuelling sta-
tion due to the technical simplicity and fast filling-releasing rate (Zheng 
et al., 2012). Refuelling station specifications vary according to the type 
and model of vehicle intended to be fuelled, varying in pressure, tem-
perature, and filling rate. HRS energy is supplied by the national UK 
electricity grid. 

Due to the location of a WtH facility also serving as a refuelling and 
central transport hub for Glasgow city, compressed hydrogen transport 
(i.e., pipeline) have not been considered. Therefore, hydrogen pipeline 
infrastructure and networks are not discussed further. By providing a 
refuelling station on the site of the waste conversion facility, a major 
obstacle to the uptake of hydrogen vehicles or FCEBs could be mitigated. 
This will also reduce the carbon footprint of the hydrogen production 
system due to the obviation of hydrogen transport via trucks. 

Table 1 
Input and output parameters for 1 tonne of feedstock for Scenarios 1 to 5.  

Process stages Scenario 
1 

Scenario 
2 

Scenario 
3 

Scenario 
4 

Scenario 
5 

References (modified) 

Input  
Pre-treatment Electricity kWh 183 85.6 62 62 150 Kourkoumpas et al. (2015), GaBi database 

Waste feedstock kg 1000 1000 1000 1000 1000 
Enzymes kg – – 50 50 – 
Water kg – – 500 500 – 

Waste conversion 
technology 

Electricity kWh 219 243 12.8 37.5 339 Khoo (2009),Hamedani et al., (2018)Susmozas et al., 
(2013),Dwivedi et al., (2020), Ghimire et al., (2015), GaBi 
database 

Heat (Steam) kWh 3 3 – – – 
Waste feedstock kg 659 729 500 500 981 
Water kg 732 500 250 350 6740 
Catalyst kg 73 100 – – 0.95 
Microorganisms kg – – 0.0015 0.0165 – 
Air kg – – – – 8500 

Gas solid cyclone 
(particulates removal) 

Electricity kWh 42.7 47.2 – – – Hamedani et al., 2018; Susmozas et al., 2013; Spath et al., 
2001 Syngas kg 1581 1750 – – – 

Air kg 2620 2870 – – – 
Water kg – – – – – 

Syngas cooling and 
cleaning 

Electricity kWh 127.5  141.1 – – 18.1 Hamedani et al., (2018)Susmozas et al., (2013) 

Syngas kg 1423 1575 – – 785 
Water kg 5246 5740 – – 1570 
Air kg 0.25 0.25 – – – 
Zinc oxide kg 1.27 1.7 – – – 

Water Gas Shift Electricity kWh 31.1 34.4 – – 21.2 Susmozas et al., (2013) 
Catalyst kg 0.15 0.14 – – 0.05 
Syngas kg 1037 1148 – – 706 

PSA  Electricity kWh 233 207 25 35 191 Valente et al., (2017) 
Syngas/Biogas kg 934 1033 125 137 636 

Hydrogen compression Hydraulic oil kg 0.14 0.18 0.18 0.18 0.29 GaBi database, 
Gardiner (2009) Electricity kWh 107 143 21.6 30.2 329 

Hydrogen kg 93 124 18.75 26.25 286 
Hydrogen storage Electricity kWh 187 248 37.5 52.5 572 Hua et al., (2011) 

Hydrogen kg 93 124 18.75 26.25 286 
Hydrogen filling station Electricity kWh 374 496 75 105 1144 Elgowainy et al., (2016) 

Hydrogen kg 93 124 18.75 26.25 286 
Output  
Pre-treatment Waste feedstock kg 732 810 500 500 981 Khoo (2009), Salkuyeh et al., (2018) GaBi database 

Wastewater kg 268 193 500 500 – 
Flue gas kg 7.32 1.32 10 10 10 
Sulphur kg – – – – 9 

Waste conversion 
technology 

Biochar kg 36.6 40 – – – Susmozas et al., (2013), Hamedani et al., (2018), Ghimire 
et al. (2015), Elgowainy et al., (2016) 
GaBi database 

Exhaust kg 1.22 1.34 – – – 
Bottom ash kg 36.7 10.4 – – – 
Wastewater kg 366 401 200 200 2940 
Syngas kg 1581 1750 125 137 785 
waste residue/ 
catalyst kg 

0.007 0.008 250 250 0.0012 

Other gases kg – – – – 415 
Gas solid cyclone Water kg 4896 5364 – – – Susmozas et al., (2013), 

GaBi database Particulates kg 0.25 0.27 – – – 
Flue gas kg 86.8 94.5 – – – 
Syngas kg 1423 1575 – – – 

Syngas cooling & 
cleaning 

Sulphur kg 0.23 0.38 – – – Susmozas et al., (2013),Dong et al., (2018) 
Syngas kg 1037 1148 – – 706 
Water kg 5246 5740 – – 1410 

Water-Gas Shift Exhaust kg 34.6 37.8 – – 15.7 Susmozas et al., (2013) 
Catalyst kg 0.1 0.1 – – 0.05 
Syngas kg 934 1033 – – 636 

PSA Exhaust kg 170 186 12.5 17.5 346 Susmozas et al., (2013),Valente et al., (2017) 
Other gases kg 1357 1449 106 131 415 
Hydrogen kg 93 124 18.75 26.25 286 

Hydrogen compression Used oil kg 0.14 0.18 0.18 0.18 0.29 GaBi database, Gardiner (2009) 
Waste heat MJ 1 1.4 0.2 0.3 3.1 
Hydrogen kg 93 124 18.75 26.25 286  
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Beyond the acknowledgement that the most developed and 
commonly used fuel cell in buses is the proton-exchange membrane fuel 
cells (PEMFC) (Burheim, 2017), fuel cell types will not be further 
considered and discussed. 

2.4. Life cycle assessment 

LCA is a standardised method to assess the environmental impact of a 
process or technology, in this case the conversion of waste to hydrogen 
using gasification or fermentation, throughout its life cycle. The sus-
tainability of WtH technologies is associated with its carbon saving 
potential in relation to current fossil fuel-based hydrogen production. 
The LCA framework and methodology follow ISO 14,040 to ISO 14,044 
(2006) and includes the four main phases to estimate GWP (CO2-eq) 
(Lozanovski et al., 2011). 

2.4.1. Scope and goal 
The goal of the LCA is to evaluate the GWP of the different WtH 

technologies treating three types of feedstocks and a conventional SMR 
method. The scope determines the system processes involved in the 
thermochemical (gasification), biochemical (dark and photo fermenta-
tion) and SMR technologies. The system boundary encompasses waste 
pre-treatment at the processing facility, waste conversion technology, 
syngas cleaning and cooling, hydrogen separation, hydrogen compres-
sion and storage, and an onsite refuelling station as shown in Fig. 1 
(associated technical principles were briefed in section 2.2). The refu-
elling station is designed with buses as the main transport-based 
consumers. 

Two functional units were considered: 1 tonne waste feedstock from 
a waste management perspective and 1 kg of hydrogen produced from a 
clean fuel use for transport perspective. Based on the technologies and 
waste feedstocks considered, five scenarios were designed including 
MSW gasification (Scenario 1), waste wood gasification (Scenario 2), 
wet waste dark fermentation (Scenario 3) and wet waste combined dark 
and photo fermentation (Scenario 4) with SMR (Scenario 5). 

2.4.2. Life cycle inventory 
The life cycle inventory (LCI) consists of a list of the inputs and 

outputs of the variables within the system boundary that are used in the 
LCA model. These include energy, material input and emissions for each 
process within each scenario. The energy requirements use kWh or MW 
units, water in litres, catalysts in kg etc. Electricity is considered to be 
supplied by the UK electricity grid including a mix of generation 
methods (nuclear, natural gas, renewable sources etc.). 

The inputs and outputs of each process (pre-treatment, thermo-
chemical or biological waste conversion, syngas cleaning and cooling, 
hydrogen separation, compression, and storage, followed by the HRS) 
are detailed in Table 1. The operational input data (electricity require-
ment, water, etc.) is modified according to the specifics of each process 
with 20% variation for waste volume and 10% variation added to the 
other product outputs to account for losses and uncertainty. 

The main product of the three systems is H2 gas. The solid by- 
products of the gasification process are biochar, tar and ash. Biochar 
as a by-product may be considered valuable as an additive though not 
included in this study and therefore the environmental impact is not 
considered further. The other output products are regarded as waste 
from the system and disposed of via landfill or incineration and are not 
considered for further use. The allocation of the environmental impact is 
directed towards the gas waste constituents of syngas that include CO, 
CO2 and CH4. For modelling purposes CO2 and CO are categorised as 
inorganic emissions not currently utilized, whilst the methane is viewed 
as a valuable by-product and captured for further use. 

HRS parameters such as hydrogen storage and compression have 
been chosen to be compatible with FCEB vehicles for use in fuel cells 
such as PEMFC, for heavy vehicles including buses. Compression is 
required due to the low volumetric energy density of 0.01079 MJ/L at 

standard pressure and temperature (Sherif et al., 2014). The theoretical 
energy to compress hydrogen isothermally from 20 bar to 350 bar is 
1.05 kWh/kg H2 though depending on the type of compressor used, 2–4 
kWh/kg H2 are usually quoted as needed to compress hydrogen to 350 
bar (Platzer and Sarigul-klijn, 2020). 

Waste and related greenhouse gas (GHG) emission data are collected 
from Glasgow City Council online resources and the Scottish Environ-
ment Agency (SEPA, 2019) and (SEPA, 2020). Other technical, envi-
ronmental and policy data is sourced from UK government data, BEIS 
reports (BEIS, 2021), and academic papers. Process data and additional 
process inputs are provided by the database within the LCA GaBi soft-
ware (gabi.sphera.com) using the CML 2001 method. Gaps in opera-
tional and process data in the GaBi software were filled by academic 
papers and research documents. 

2.4.3. Life cycle impact assessment 
The Life Cycle Impact Assessment (LCIA) category used in this study 

is GWP as a measure of climate change using the unit of kg CO2-eq. A 
positive GWP number represents an environmental impact whilst a 
negative number shows environmental avoidance and therefore a 
benefit (Kourkoumpas et al., 2015). The LCA results estimate the 
downstream emission created by the systems and will allow for com-
parison between Scenarios 1–5, as well as with other research studies. 

2.4.4. Life cycle interpretation 
Life cycle interpretation is the last phase of the LCA and allows for 

identification and completeness and consistency check of the results 
produced by the LCA process. The recommendations from the results 
will stem from understanding the systems and differences in results with 
advantage and disadvantages between the scenarios assessed. A sensi-
tivity analysis was conducted to assist with understanding the influences 
of uncertainty in the LCA parameters using a Monte Carlo simulation. 
For each scenario 1000 iterations of a Monte Carlo simulation were 
performed with most input variables as minimum (+10%), maximum 
(+10%) and mean in a triangular distribution. The uncertainty variables 
used are waste feedstock in kg, feedstock conversion rate (waste to 
hydrogen %), kg CO2-eq per 1 kg H2, capacity factor (CF%), and oper-
ation time in hours. Other uncertainties in the parameters are associated 
with the variations of waste generation (both MSW and wood waste) 
affected by seasonal (e.g., holidays and festivals), local and weather 
conditions. Whilst it is difficult to cover all aspects of the complex sys-
tems with limited (broad) available data, uncertainties can lead to 
biased conclusions, which will be recognised and discussed in the 
following section. 

3. Results and discussion 

3.1. Global warming potential 

The results for Scenarios 1–5 based on the functional unit of one 
tonne waste feedstock treated are shown in Fig. 2a while the results for 
the functional unit of one kg H2 are shown in Fig. 2b. A further break-
down of the GWP for each scenario and functional unit is presented to 
highlight the relative contributions of carbon intensive process for each 
technology as a percentage of the total kg CO2-eq (Fig. 3). 

Scenarios 1 and 2 have the highest GWP, at 466 and 509 kg CO2-eq 
respectively, when considering the functional unit of 1 tonne feedstock. 
Scenarios 3 and 4 have the lowest GWP of 124 and 168 kg CO2-eq and 
energy consumption rate whilst they have lower hydrogen yields of 
18.75 and 26.25 kg respectively (Fig. 2a). The high GWP of Scenarios 1 
and 2 is due to the higher electricity requirements of the gasification 
process and the higher process emissions (exhaust). Scenario 5 (SMR) 
has the highest hydrogen yield of 286 kg H2 but also the highest GWP of 
3,811 kg CO2-eq. A general trend of a high GWP with a high hydrogen 
yield can be seen for the technology-feedstock combination considered 
(Fig. 2a). 
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For a functional unit of kg H2 produced, the fermentation technol-
ogies (Scenario 3 and 4) have higher (~25% higher) GWPs than the 
gasification scenarios (1 and 2) (Fig. 2b). The relatively high carbon cost 
of the fermentation technologies with less hydrogen produced reduces 
the benefits associated with the lower energy requirements, when 
compared to the other scenarios. Scenario 5 again has the highest GWP 
of 13.32 kg CO2-eq, which is 2.6 times and 2 times greater than Scenario 
1 and 3 respectively. These results highlight the importance of assessing 
both functional units to get a full view of WtH technologies and the 
associated GWP. 

The GWP calculated at each stage shown in Fig. 3 indicates the 
contributions from HRS, storage and compression are high for all WtH 
scenarios, accounting for the most for Scenarios 1 (44%) and 2 (54%) of 
2.2 kg CO2-eq. This can be associated with the higher hydrogen pro-
duction quantities leading to higher compression and storage re-
quirements. The pre-treatment for Scenarios 3 and 4 contributes most to 
the GWP for the fermentation technologies at 3.3 and 2.4 kg CO2-eq, 

respectively, whilst the catalytic steam reforming process contributes 
11.3 kg CO2-eq for SMR in Scenario 5. 

3.2. Comparison with existing studies 

The results of this study were compared with existing studies on 
gasification, fermentation, and SMR. There is a large variation in the 
WtH system configurations studied in literature, leading to a wide range 
of GWP results. The study of the environmental impact of MSW-based 
waste-to-hydrogen was limited with a focus on purposely grown 
biomass as main feedstock. For example, corn stover was treated by 
gasification in study by Siddiqui and Dincer (2019) which reported a 
GWP of 4.2 kg CO2-eq/kg H2, and is within 1 kg CO2-eq/kg H2 of the 
results of this study (~4.1 kg CO2-eq/kg H2). There is a greater range of 
estimated GWP for dark fermentation technologies. For example, Elgo-
wainy et al. (2016) showed a GWP of 9.8 kg CO2-eq/kg H2 for dark 
fermentation of corn stover as compared to 7.25 kg CO2-eq/kg H2 of this 
study using wet waste as the feedstock. Djomo and Blumberga (2011) 
considered treating wheat straw using the combined dark and photo 
fermentation and reported a GWP of 5.60 kg CO2-eq/kg H2 as compared 
to 7.04 kg CO2-eq/kg H2 of this study. This suggests the importance of 
waste feedstocks, waste composition and operational parameters (en-
ergy requirements) on GWP. For SMR, Valente et al. (2019) reported a 
GWP of 11.43 kg CO2-eq/kg H2, whilst Spath and Mann (2001) showed a 
GWP of 9.0–11.0 kg CO2-eq/kg H2. They are similar to 11.76 kg CO2-eq/ 
kg H2 as found in this study. 

The energy requirements of Scenarios 1–5 were provided by elec-
tricity from the UK grid due to the reliability, existing electricity infra-
structure and inner-city location far from large scale renewable sources. 
The UK electricity grid is composed of approximately 55% fossil fuel- 
based, 33% renewable energy and 12% low carbon sources. The car-
bon intensity of the grid clearly effects the carbon footprint of the sys-
tems and therefore also impacts the GWP results. As the sources of 
energy generation are predicted to change in line with global decar-
bonisation targets and increases in green energy credentials, towards 
renewable energy such as wind or solar, it can be assumed the CO2-eq 
emissions related to grid electricity will decrease in future. 

3.3. Sensitivity analysis 

The results of sensitivity analysis for Scenarios 1–5 are shown in 
Fig. 4 with the mean values and standard deviations displayed along 
with the results as GWP kg CO2-eq/hr. It is observed that the values for 
all WtH scenarios are positively skewed with Scenario 1 and 2 having the 
largest skewed curves and highest standard deviations (1.4 × 103 and 
2.1 × 103 respectively) compared to Scenario 3 and 4. The skewed 
distribution that tapers slowly to the right of the graph indicates high or 
extreme values with a larger uncertainty, particularly for Scenario 2 
(gasification of waste wood). Scenarios 3 and 4 have the smallest mean 
values of all the scenarios of 2.7 × 103 and 3.7 × 103, respectively. They 
also have the smallest standard deviation values implying the least in-
fluences of variations in input parameters as compared to the other 
scenarios. The mean is highest for the SMR technology (Scenario 5), and 
it displays the most symmetrical shape indicating fewer extreme values 
even with the highest standard deviation (Fig. 4). As the conventional 
hydrogen method, it supports the fact that the technology is more 
developed and there is more certainty in the data. 

The most sensitive variable for the WtH technologies is the avail-
ability and volume of waste feedstock as it affects the energy input 
required for all the conversion processes. It also affects the amount of 
hydrogen produced and thus the GWP results based on the functional 
unit of 1 kg H2. The variability in waste supply would be a concern due 
to the seasonal and daily fluctuations expected and is expressed in the 
results. 

Fig. 2. a) Graph displaying the calculated GWP for each scenario (1–5) with 
accompanying hydrogen yield H2/kg (functional unit = 1 tonne of waste 
feedstock). b) Graph displaying the calculated GWP for each scenario (1–5) 
with accompanying hydrogen yield H2/kg (functional unit = 1 kg of 
hydrogen produced. 
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3.4. WtH for decarbonisation targets 

This study demonstrates that WtH technologies have relatively low 
GWP values, which consolidates their apparent benefits when viewed as 
a dual-purpose system to dispose of waste and produce clean hydrogen. 
For example, to dispose of a years’ worth of waste and produce hydrogen 
from SMR, the combined CO2-eq would be 407,000 tonnes CO2-eq 
(248,000 tonnes CO2-eq a year from landfill and incineration plus 
158,000 tonnes CO2-eq from SMR for 5,336 tonnes H2). Whereas to 
produce the same amount of hydrogen via MSW gasification (5,336 
tonnes) and dispose of the yearly waste that would have otherwise gone 
to landfill or incineration, the carbon footprint could be reduced to 
86,211 tonnes. Increase in the conversion efficiency of the WtH tech-
nologies via, e.g., advancements in catalyst and microorganism selec-
tion, and improved feedstock pre-treatment, to produce higher 
hydrogen yields has the potential to further decrease the carbon impact 
of WtH. Additional carbon saving benefits can be achieved by diverting 
the residues of WtH technologies from landfill and utilising them in 
environmentally friendly means, i.e., biochar or ash for agriculture or 
forestry industry as additives. 

The advantages of providing a variety of hydrogen sources includes 
improving the versatility of the hydrogen system and industry, adding 
confidence to supply chains, and tackling localised bottlenecks such as 
long distance transport for remote areas to meet demand for consumers. 
This should ultimately lead to confidence in alternative energy 

technologies and sources to increase decarbonisation efforts (net zero 
targets) and support environmental goals. 

Comparing the kg CO2-eq of kilometres travelled by a FCEB and a 
conventional diesel bus provides insight into the possible carbon emis-
sions saved by producing hydrogen using the WtH technologies. The 
GWP results (kg CO2-eq/kg H2) for Scenarios 1 to 5 from this study were 
paired with a double decker FCEB, for example, the Wright bus 
(StreetDeck Hydroliner, Wrightbus.com) which has an operating range 
of 402 km (250 miles) and a hydrogen tank capacity of 27 kg. For Sce-
narios 1–4, the unit distance emissions are 0.33–0.44 kg CO2-eq/km 
when the whole bus is considered, and for Scenario 5, it is 0.89 kg CO2- 
eq/km, as further compared to 1.62 kg CO2-eq/km for an average local 
diesel bus (BEIS, 2021). Emissions are often measured based on the 
occupancy for passenger vehicles in the form of kg CO2-eq passenger-km 
(or -mile), which allows for comparison with other modes of transport. 
The average passenger number is 12.8 based on the local bus data from 
the UK Government (BEIS, 2021). In this case, for Scenarios 1–4, the 
emissions are 0.022 to 0.035 kg CO2-eq per passenger-km, whilst it was 
0.13 kg CO2-eq per passenger-km for an average local diesel bus. When 
considering a single decker FCEB such as the Van Hool A330, with a 
range of 350 km and a hydrogen storage tank of 38.2 kg is in the range of 
0.043 to 0.056 kg CO2-eq per passenger-km (Vanhool.be), which is on 
average 63% less than a conventional diesel fuel local bus. 

Fig. 3. Pie graphs displaying GWP of each stage for Scenarios 1–5. The graphs apply to both functional units used.  
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3.5. Implications of WtH for cities 

By providing an option for hydrogen supply in a central densely 
populated area with high public transport use, the demand for such 
systems could be met by a fleet of FCEBs. Examples of such projects in 
UK cities include Aberdeen, Birmingham, and London. A transport hub 
located in a large city in the central belt of Scotland would provide 
strategic advantage for the implementation of hydrogen in Scotland. 

Whilst a FCEB is zero emission and does not produce air pollutants when 
operating, a WtH facility would be located within the city (to reduce 
travel distance of waste and product) and would still impact the envi-
ronment for the local population. 

Systems like those proposed in Scenarios 1–5 could help establish 
Glasgow as a hub for fuel cell vehicles and zero emission vehicles by 
providing HRS with onsite production. The results suggest that the HRS 
could add 0.68–1.24 kg CO2-eq per kg H2 (Scenarios 1–4) at 3–30% of 

Fig. 4. Sensitivity analysis histograms for Scenarios 1–5. Mean values and standard deviations are displayed.  
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the total CO2-eq emissions (not accounting for the landfill and inciner-
ation emissions saved), the benefit to the consumer is still present. 
Similarly, Shayegan et al., (2009) stated that the lack of hydrogen 
refuelling infrastructure limits the growth of the hydrogen industry. 
Therefore, a refuelling hub could encourage further investment and 
support for WtH projects. 

There is a reliance on policy to increase interest, and an expectation 
in a reduction of system costs with hydrogen infrastructure developing 
at larger scales (commercial/industrial) and with more cost-effective 
technologies essential to WtH deployment. It is key to fulfil contin-
uous technology advancements to diversify the technological options to 
suit different socio-economic and environmental backgrounds and 
conditions. Finally, LCA studies that evaluate other environmental 
impact categories such as water use, acidification and particulate matter 
emissions, with the increasing availability of associated data, are also 
recommended to fully deliberate the environmental benefits of WtH 
development for green public transport. 

4. Conclusions 

This work quantifies the carbon saving potential of WtH-based clean 
public transport with gasification and dark fermentation and photo 
fermentation technologies of GWPs of 4.1 to 4.9 kg CO2-eq/kg H2 and 
6.4 to 6.6 kg CO2-eq/kg H2, respectively. The carbon footprints of 
hydrogen production for MSW gasification and dark fermentation were 
about one third and half of that for SMR. The unit distance emissions of 
WtH-based clean public transport scenarios were 0.33–0.44 kg CO2-eq/ 
km as compared to 0.89 kg CO2-eq/km for SMR-based scenario. WtH 
development serves as an effective means for decarbonising both 
hydrogen production and waste disposal. 
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