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Land and water requirements for the supply of renewable heating and transport
energy using anaerobic digestion and water electrolysis. A case study for the UK.
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Abstract

This paper considers nine scenarios for the supply of all the required energy for domestic heating
and road transport in the UK from renewable resources and compares their land and water
requirements. The scenarios use hydrogen and/or methane as main energy vectors, with
anaerobic digestion (AD) of organic waste and energy crops, water electrolysis (WE) and
electricity from solar PV panels. The land requirements of WE-based scenarios are much lower
than for energy crops. If WE only is used, the land requirement is 1.52 Mha (6 % of the total UK
land), which can be decreased by 30-34 % (1.00-1.07 Mha) if WE is used with AD of organic
waste. The lowest land requirement (0.73 Mha) is obtained with electric vehicles for transport and
WE and AD of organic waste for heating. For most scenarios, the direct water requirements are
in the range 40-126 Mt/year (1-4 % of the drinking water supply in the UK). This study indicates
that it is possible to supply all the required energy for domestic heating and road transport in the
UK from renewable resources, in particular solar PV panels and organic waste, with a moderate
impact on land and water use.
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Nomenclature

Name Definition Units
AD Anaerobic digestion

Awm Land area required for miscanthus growth ha

Apv tot Total land area required for solar panels ha

Aot Total land area required ha
CHay CHa4 required for transport kglyear
CHan CHa4 required for domestic heating kglyear
CHaph CHa required for process heating kglyear
CHa,apm CHa produced from AD of miscanthus, single stage kglyear
CHa apwmss CHa produced from AD of miscanthus, second stage kglyear
CHa,now CHa produced from AD of waste, single stage kglyear
CHa apwss CHa produced from AD of waste, second stage kglyear
CHa ot Total CHa4 required kglyear
CHP Combined heat and power

DM Dry matter

Eeimz Electrical energy per unit hydrogen J/kg
Eei,ap Electrical energy for AD Jlyear
Eel,nomicH4 Electrical energy for AD of miscanthus, single stage, per unit CH4 J/kg
Eel,ADMis/H2 Electrical energy for AD of miscanthus, first stage, per unit Hz Jikg

Eel ADMss/H2 Electrical energy for AD of miscanthus, second stage, per unit Hz Jikg
Eel. ApwicH4 Electrical energy for AD of waste, single stage, per unit CH4 J/kg
Eel.ADwis/H2 Electrical energy for AD of waste, first stage, per unit Hz J/kg

Eel ADWss/icH4 Electrical energy for AD of waste, second stage, per unit CH4 Jikg
Eel, ADWssiH2 Electrical energy for AD of waste, second stage, per unit Hz Jikg
Eeicra Electrical energy for CHa Jlyear
Eel,cHaicHa Electrical energy for CHa per unit CHa J/kg
Eel.chacompicha  Electrical energy for CH4 compression to 200 atm, per unit CH4 J/kg
Eel.cramicHa Electrical energy for CH4 from miscanthus, per unit CHa J/kg
Eel,cHawicha Electrical energy for CH4 from waste, per unit CHa J/kg
Eelcoz Electrical energy for CO2 removal Jlyear
Eel.cozicha Electrical energy for CO2 removal, per unit CHa Jikg
Eel.cozm2 Electrical energy for CO2 removal, per unit Hz Jikg
Eel,H2comp Electrical energy for H2 compression to 700 atm Jlyear
Eel H2comp/H2 Electrical energy for H2 compression to 700 atm, per unit Hz Jikg

Eel mfs/H2 Electrical energy for Hz2 from miscanthus, first stage, per unit Hz Jikg
Eel, MgrowthicHa Electrical energy for miscanthus growth, per unit CHa Jikg
Eel,Mgrowth/Hz Electrical energy for miscanthus growth, per unit Hz J/kg
Eel,mss/H2 Electrical energy for Hz from miscanthus, second stage, per unit Hz J/kg
Eel,smr/H2 Electrical energy for SMR, per unit Hz J/kg

Eel tot Total electrical energy required Jlyear
Eeiwe Electrical energy for WE Jlyear
Eelwem2 Electrical energy for WE, per unit Hz Jikg
EelwisiH2 Electrical energy for Hz from waste, first stage, per unit Hz Jikg
Eelwss/H2 Electrical energy for Hz from waste, second stage, per unit Hz Jikg

En abmicHa Heating energy for AD of miscanthus, single stage, per unit CHs Jikg
En,ADMfs/H2 Heating energy for AD of miscanthus, first stage, per unit Hz J/kg
En,ADMss/H2 Heating energy for AD of miscanthus, second stage, per unit Hz J/kg
En.Abwich4 Heating energy for AD of waste, single stage, per unit CHs J/kg

En Abwis/Hz2 Heating energy for AD of waste first stage, per unit Hz J/kg
En.AbwssicHa Heating energy for AD of waste second stage, per unit CH4 J/kg
En.Abwss/H2 Heating energy for AD of waste, second stage, per unit Hz J/kg

En cozicha Heating energy for CO2 removal per unit CH4 J/kg
Encozmz Heating energy for CO2 removal per unit Hz J/kg

2
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Name Definition Units
End Domestic heating energy required Jlyear
En, Mgrowth/cHa Heating energy for miscanthus growth per unit CH4 J/kg

En Mgrowth/H2 Heating energy for miscanthus growth per unit Hz J/kg
En,ph Process heating energy Jlyear
En,phicHa Process heating energy for CH4, per unit CH4 Jikg
En,pht2 Process heating energy per unit Hz J/kg

En, phmicHa Process heating energy for CH4 from miscanthus, single stage, per unit CHs  J/kg

En phmisiH2 Process heating energy for Hz from miscanthus first stage, per unit Hz Jikg
Enh,phmssiH2 Process heating energy for Hz2 from miscanthus second stage, per unit Hz J/kg

En phwicha Process heating energy for CH4 from waste, single stage, per unit CH4 J/kg

Eh, phwisiH2 Process heating energy for Hz from waste, first stage, per unit Hz J/kg

En phwssiH2 Process heating energy for Hz from waste, second stage, per unit Hz J/kg

En, sMr/H2 Heating energy for SMR per unit Hz J/kg
Epv Electricity from solar PV per unit area Jlyear
Etot Total energy required Jlyear
H2 Abwmts H2 from AD of miscanthus first stage kglyear
H2, apwis Hz from AD of waste first stage kglyear
Han H2 required for domestic heating kglyear
H2,on H2 required for process heating kglyear
H2,smrm H2 from SMR of methane produced from AD of miscanthus, second stage kglyear
H2,smrw H2 from SMR of methane produced from AD of waste, second stage kglyear
Hat H2 required for transport kglyear
H2 ot Total Hz required kglyear
H2 totm Total Hz2 generated from miscanthus kglyear
H2 totw Total Hz2 generated from waste kglyear
Howe H2 required from WE kglyear
H2Owe Water required for WE kglyear
H2Osmr Water required for SMR kglyear
HHVcha Calorific value of methane Jikg
HHV 2 Calorific value of hydrogen Jikg
Lkm Total distance travelled in the UK km/year
Limm2 Distance travelled per unit of hydrogen fuel km/kg
LimicHa Distance travelled per unit of methane fuel km/kg
Lkm/et Mileage for electric cars km/J

M Production rate of miscanthus kglyear
OFMSW Organic fraction of municipal solid waste

SMR Steam methane reforming

VS Volatile solids

W Generation rate of organic waste kglyear
WE Water electrolysis

Y ADCH4/M Yield of methane from miscanthus, AD single stage kg/kg

Y aDCHawW Yield of methane from waste, AD single stage kg/kg

Y ADfsH2/M Yield of Hz from miscanthus, AD first stage kg/kg

Y ADfsH2/W Yield of Hz from waste, AD first stage kg/kg

Y ADssCH4/M Yield of CH4 from miscanthus, AD second stage kg/kg

Y ADssCHa/W Yield of CH4 from waste, AD second stage kg/kg
Ywia Miscanthus growth rate per unit land area t/ha.year
Y SMRH2/CH4 Yield of H2 from CH4, SMR kg/kg

Y SMRH20/H2 Water required per unit Hz, SMR kg/kg

Y WEH20/H2 Water required per unit Hz, WE kg/kg
Ncwp Efficiency of CHP conversion into electricity
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1. Introduction

The use of renewable energy for electricity generation in the EU has increased rapidly in
recent years, mainly thanks to the increased use of solar and wind energy [1]. On the
other hand, the use of renewable energy in the transport and household sectors, which
account respectively for 31 and 27 % of the total final energy consumption in the EU, is
still limited [2]. In the EU in 2018, renewable resources were used to generate 32 % of
the electricity but just 8 % of the energy used for transport and 23 % of the energy used
by the household sector (excluding electricity) [2]. In the household sector, most of the
energy (78 %) is required for space and water heating [3], which in the EU is mainly
provided by natural gas and other fossil fuels. Natural gas and other fossil fuels account
for approximately 70 % of the non-electrical household energy consumption [2,3]. As a
result, the contribution of renewable energy, including biomass, solar, wind, marine,
geothermal and hydro energy, to the total final energy consumption in the EU in 2018 was
limited to approximately 20 % [2]. Increasing the share of renewable energy used in the
transport sector and for domestic heating is therefore essential.

Various technologies and processes, at different development stages, can be in principle
considered for the generation of renewable energy for heating and transportation. For
example, solar photovoltaic panels and wind turbines can generate renewable electricity
for electric vehicles and for heating via heat pumps or resistive heating [4]. Anaerobic
digestion (AD) of organic waste or energy crops can generate renewable methane for
electricity, heating or transportation. Hydrogen can be used as a renewable energy vector
when it is generated from water electrolysis (WE) using renewable electricity. Renewable

hydrogen can also be generated from biomass using gasification or pyrolysis or using
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anaerobic digestion, which can produce hydrogen either directly as an intermediate of the
anaerobic metabolism of the microorganisms [5,6], or indirectly via steam reforming of
the methane (steam methane reforming, SMR). The chemical energy of hydrogen can be
converted into energy for domestic heating using various technologies, e.g. fuel cell
micro-CHP, direct flame combustion boilers, catalytic boilers and into energy for
transportation using fuel cells or hydrogen fuelled internal combustion engines [7,8].
Various constraints have so far limited a wider uptake of renewable energy for transport
and household heating. An important factor is the land requirement of renewable energy
technologies [9], which has been considered in several studies [10-13]. Land is required
to generate renewable electricity, to be used directly in electric vehicles or indirectly for
hydrogen generation via WE and for the growth of energy crops to be used in AD. Since
land availability is limited, it is important to compare the land requirements of the various
processes for renewable energy generation. Water is another requirement in some
processes for renewable energy generation. Considering only the direct use of water, and
not the water uses in the life cycle of renewable energy technologies, water is required in
WE and in SMR for methane conversion into hydrogen. Although water is released back
into the environment when hydrogen is combusted to generate energy, water is released
in the vapour phase and will not go directly back to the source of liquid water from which
it was extracted. Therefore, water consumption of renewable energy processes needs to
be considered and compared as water resources are limited.

Without attempting to consider all the possible processes and technologies, this study
calculates and compares the land and water requirements for the supply of all domestic

heating and road transport energy in the UK using WE for hydrogen production and AD
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of organic waste and energy crops. This study also includes the heat and electricity
needed by the energy conversion processes. For AD, both the single stage process for
methane production and the two-stage process for hydrogen and methane production are
considered. The hydrogen produced from WE and/or AD is assumed to be used in fuel
cell vehicles for transport and in boilers for domestic heating. The results are also
compared with the direct use of electricity for battery electric vehicles. While the results
of this study are valid for the UK, the methodology used can also be applied to other
countries. The novelty of this study can be summarised as follows: 1) quantitative analysis
of the potential generation of renewable energy for heating and transport in the UK; 2)
guantitative analysis of the potential role of WE and AD in renewable energy scenarios;
3) quantitative consideration of the energy requirements of the conversion processes, in
addition to the energy requirements for heating and transport. This study, which, to the
best of our knowledge, has not been carried out before, aims to contribute to a critical
analysis of the feasibility of achieving 100 % renewable energy use. This study is not
aimed at a life cycle assessment of the various scenarios and at a long-term analysis of
the techno-economic feasibility of the scenarios. These are important aspects which
should be considered alongside the results of this study for a complete assessment of the

various scenarios for a renewable energy future.
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2. Considered scenarios

The scenarios considered in this study for the generation of renewable heat and transport
energy are shown in Figure 1. All scenarios use hydrogen and/or methane as energy
vectors but with different hydrogen generation technologies. Hydrogen has been
considered in this study because it is an emerging and promising vector for energy
conversion and storage due to its high calorific value per unit mass and to the possibility
of its generation from renewable resources. Hydrogen is assumed to be generated by
WE and/or by AD. For AD, either a two-stage process with hydrogen (first stage) and
methane (second stage) production or a single stage process with methane production
only is considered [14]. The AD feed is assumed to be made of either organic waste only
or organic waste and miscanthus, where miscanthus is used as an example energy crop
to provide the balance of the required energy (see section 3.1). Hydrogen is assumed to
be used for domestic heating using combustion boilers and for transportation using fuel
cell vehicles.

The technologies considered in these scenarios are at different development stages, and
for some of them technical advances are required to achieve full scale deployment. AD
for methane production is widely used at commercial scale in the UK and globally.
However, two-stage AD for hydrogen and methane production is still at the development
and pilot stage [14]. WE for hydrogen production is used at small commercial scale, even
though it only contributes to a small fraction (approximately 4 % [15]) of current hydrogen
production, which mainly comes from SMR of natural gas. The use of hydrogen for
transport in fuel cell vehicles is mainly used in demonstration projects [16]. Methane is

widely used for domestic heating (mainly from natural gas) but has only limited use so far
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for vehicle applications [17]. Hydrogen is not currently used for domestic heating at
commercial scale, but several demonstration projects have been proposed or are under
way to establish the safety of using 100 % hydrogen in houses and hydrogen-natural gas
mixtures of up to 20 % hydrogen v/v can be accepted in domestic heating systems without
modifications [18,19]. It is however important to observe that hydrogen combustion can
generate some forms of greenhouse gases, NOx, due to the high temperature. However,
their formation can be reduced by catalytic combustion processes [20].

In Scenario 1, hydrogen is the only energy vector for transport and heating. Hydrogen is
generated entirely from AD of waste and miscanthus in the two-stage process. The
methane produced in the second stage is converted to hydrogen via SMR.

In Scenario 2, hydrogen is still the only energy vector for transport and heating but is
generated entirely via WE.

In Scenario 3 the energy for transport is provided by hydrogen generated by WE, while
the energy for heating is provided by methane generated by AD of waste and miscanthus.
Scenario 4 uses hydrogen for transport and a mixture of hydrogen and methane for
heating. In this scenario, AD uses waste to produce hydrogen and methane and the
balance of the energy is provided by hydrogen generated by WE.

In Scenario 5 hydrogen is the only energy vector for transport and heating and is
generated entirely by WE. In this scenario, waste is converted to methane in a single
stage AD and methane is converted to electricity in a CHP unit which generates electricity
for WE and heat.

Scenario 6 is similar to Scenario 4 except that the methane produced by AD is converted

to hydrogen by SMR.
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In Scenario 7 hydrogen, produced by AD of waste and by WE, is still the only energy
vector. In AD, only the first stage (hydrogen production) is used for energy generation,
while the effluent from the first stage (rich in short chain organic acids, SCOAS) is
potentially available for the chemical industry or for other uses.

In Scenario 8 methane is the only energy vector and is produced entirely by the AD of
waste and miscanthus.

In Scenario 9, the energy for transport is the electricity used directly in battery electric
vehicles, while the energy for heat is provided by hydrogen generated by WE and AD
(first stage) and by methane generated by AD (second stage). In this scenario, AD uses

waste only.
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147  Figure 1. The nine scenarios for the renewable supply of heating and transport energy
148 considered in this study. The scenarios are explained in the text.
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3. Methodology

3.1 Assumptions used in the calculations

The following assumptions have been made in this study:

For simplicity’s sake, onshore solar PV panels are assumed to generate all the
electricity for all the scenarios. Other technologies are also possible for the
generation of renewable electricity, for example onshore and offshore wind
turbines. However, some studies show that more electricity is generated per unit
land by solar PV panels than by wind turbines [11, 21]. Furthermore, the solar PV
capacity is increasing worldwide (and in the UK) thanks to increasing the efficiency
of the solar PV panels and reducing the cost. Therefore, solar PV has been
selected as the electricity source in this study for its potential to become a main
energy source in the near future. However, the calculations done in this study can
be easily adapted to consider the land requirements of other renewable energy
sources such as wind turbines;

The feedstocks for AD are assumed to be either only organic waste, or organic
waste and miscanthus. Miscanthus is chosen as an example of energy crop, as it
grows well in the UK with high yield and is already in use as energy crop [22]. The
calculated results can be easily adapted for other energy crops. The annual
generation of organic waste is assumed to be a fixed value, while miscanthus,
when used, is assumed to provide the balance of the energy to be provided by AD;
Hydrogen or methane (depending on the scenarios) are assumed to provide the
energy for domestic heating and road transport (except for scenario 9 where

battery electric vehicles are used), and also the heating energy (process heating

11
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energy) for miscanthus growth, AD, CO2 removal, and SMR processes. Electricity
is assumed to be used for miscanthus growth, AD, CO2 removal, SMR, hydrogen
or methane compression (only for the gases used for transport), WE, and battery
electric vehicles. Any other consumption of heat or electricity, like the heat and
electricity required for hydrogen or methane purification (apart from CO2 removal)
and the energy required for waste and miscanthus transportation to the AD plants,
is ignored,;

- The land requirements include only the area for PV panels and for miscanthus
growth, and any other land requirements, like the land occupied by the AD or WE
plant, is ignored. Only the direct water consumption due to SMR and WE is
considered and any indirect water consumption which occurs in the life cycle of the
considered technologies is ignored.

Since this study is aimed at the calculation of the land and water requirements, other
factors, such as full energy balances, emissions of carbon dioxide and waste and other
potential environmental impacts are not considered. These are however important
aspects which need to be considered for a full appreciation of the implications of each
technology.

3.2 Calculations

The numerical parameters used in the calculations are reported in Table 1. The
calculations for the different scenarios are reported in this section. We use the same
methodology in all the scenarios, but, since the scenarios are different, we report the
calculations separately for each scenario. The key novelty of the theoretical approach

used here is that, in addition to the energy required for heating and transport, we also

12
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calculate the energy and land requirements of the conversion processes. This
methodology, which, to the best of our knowledge has not been used before in this sector,
can also be used for other renewable energy scenarios not considered in this study.
3.2.1 Scenario 1

The total hydrogen required (Hzt), the hydrogen required for domestic heat (Hzn) and

the hydrogen required for transport (H2:) are calculated from Equations (1), (2) and (3),

respectively.

Hytor = Hyp + Hyp + Hypp (1)
Hon = s o)
Hyp = 722 ®)

The hydrogen required for process heat H,,, depends on the total required hydrogen,

according to Equation (4), which, combined with Equation (1), gives Equation (5).

Enph/H2
H = —Po 72 4
2,ph HHVyy, 2,tot ( )
_ Hpp+Hz:
H2,tot - 1_Eh,ph/H2 (5)
HHV g,

The process heat per unit of total hydrogen, Ej,n/u2, iS calculated as the weighted

average of the process heat per unit hydrogen for the various processes (AD, miscanthus
growth, SMR, CO2 removal), considering the fraction of the hydrogen generated via the
respective process, Equation (6).

(Eh,pths/HZH 2,ADW fstEnpnwss/H2H 2,SMRW+>

Enpnmfs/H2H2, ADMfstERphMss/H2H2,SMRM

Ewpn/H2 = H, rog (6)
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In Equation (6), the terms of the process heat per unit hydrogen for the hydrogen
generated from waste or miscanthus in the first (Enphwis/H2, EnphmtsH2), OF in the second

AD stage after SMR (En,phwssiHz, EnphmssiHz), are calculated from Equations (7)-(10).

Eh,pths/HZ = Eh,ADWfs/Hz + Eh,COZ/HZ (7)
Enpnwss/uz = Enapwss/uz + Ensmr/uz + Encoz/nz (8)
Enpnmrs/nz = Enmgrowen/uz + Enapmss/uz + Ensmr/nz + Encoz/mz 9)
Enpnmss/iz = Enmgrowtn/uz + Enapmss/uz + Ensmr/az + Encoz/uz (10)

The hydrogen generated from the first and second stage (after SMR) and the total

hydrogen from waste are calculated from Equations (11)-(14).

H2,ADWfs = WYADfSHZ/W (11)
CH4,ADW$$ = WYADSSCHAL/W (12)
Hysmrw = CHy apwssYsmruz/cha (13)
Hy totw = Ha apwrs + Ha smrw (14)

The hydrogen required from miscanthus is calculated from Equation (15).
H totm = Hator — Ha totw (15)
For miscanthus, the hydrogen from the first and second AD stage, and the total hydrogen

are calculated from Equations (16)-(19).

HZ,ADMfs = MYADszZ/M (16)
C H4,ADMSS =M YADSSCH4/M (17)
Hy smrm = CHy apmssYsmruz/cha (18)
Hy totm = Hz apmss + Ha smrm (19)

Combining Equations (15)-(19), the annual required amount of miscanthus, M, is

calculated from Equation (20).
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M = Hy tot—Hz totw (20)

YapfsH2/M+Y ADssCHa/MY SMRH2/CH4

Equations (5), (6) and (20) constitute a system of three equations in the three unknowns
H2.tot, M @and En prh2, Which is solved iteratively.

The land required for miscanthus growth is calculated from Equation (21).

Ay =— (21)

Ym/a

The required electricity is calculated in a similar way as the process heat, by adapting
Equation (6) to account for the electricity requirements of the hydrogen generated from
waste and from miscanthus, from the first AD stage or from SMR of the methane produced

in the second stage. The electricity required per unit hydrogen is given by Equation (22).

EeLwrs/H2H2, apwstEetwss/a2H2,sMRW
+Eeimfs/H2H2 aApMfstEel,Mss/H2H2,5sMRM

Eeyynz = Hy o (22)

The contributions to the electricity requirements per unit hydrogen are calculated from
Equations (23)-(26).

Eevwss/uz = Eetapwrs/wz + Eet,coz/uz + Eet,H2comp/n2 (23)
Eeiwss/nz = Eetapwss/uz + Eei,smr/uz + Eet,coz/uz + Eet,H2comp/h2 (24)
Eevmps/nz = Eeimgrowtn/mz + Eetapmss/nz + Eevsmr/nz + Eeicoz/nz + Eevpzcomp/nz - (25)
Eoymss/uz = Eeomgrowtn/mz + Eerapmss/nz + Eevsmr/uz + Eevcoz/nz + Eetnzcomp/uz - (26)
In Equations (23)-(26) the term EelHz2compH2 IS proportionally reduced, compared to the
value in Table 1, to account for the fact that only a fraction of the hydrogen is used for
transport and therefore needs compression.

The total electricity is calculated from Equation (27).

Eel,tot = Eel/HZHZ,tot (27)
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The land required for solar PV panels to supply the total electricity requirements is
calculated from Equation (28). In a similar way, the contributions of the various processes
(AD, SMR, miscanthus growth, CO2 removal, hydrogen compression) to the electricity

and land requirements, is calculated.

Ee ,L0
APV,tot = —chiot (28)

Epy
The total land required is calculated as the sum of the total land for PV panels and of the
area required for miscanthus growth, Equation (29).
Ator = Au + Apy tot (29)
The total energy required is calculated by adding up the energy generated by the
combustion of hydrogen and the total electricity required, Equation (30).
Etor = Hptot HHViz + Eeitor (30)

The water required for SMR is calculated from Equation (31).

HZOSMR = (HZ,SMRW + HZ,SMRM)YSMRHZO/HZ (31)
3.2.2 Scenario 2

The total hydrogen required is calculated using Equations (1)-(3), but without the term for
the hydrogen for process heat. The electricity requirements are the sum of the

requirements for WE and for hydrogen compression, Equations (32)-(34).

Eel,WE = Eel,WE/HZHZ,tot (32)
Eel,HZcomp = el,HZcomp/HZHZ,t (33)
Eeitor = Ecywe + Eel,HZcomp (34)

The total land requirement is only due to PV panels and is calculated with Equation (28).
The total energy requirement coincides with the total electricity requirement. The water

requirement is only due to WE and is calculated from Equation (35).
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H,0wg = HZ,totYWEHZO/HZ (35)
3.2.3 Scenario 3
The hydrogen for transport is calculated using Equation (3). The methane required for

domestic heat is calculated from Equation (36).

CH, ), = —hd (36)

HHVcha
The total methane required, considering the requirements for process heat, is calculated
from Equation (37).
CHytor = CHyp + CHyppy (37)
In analogy with Scenario 1, Equation (4), we express the methane required for process

heat as a function of the total methane required, Equation (38).

_ Enpn/cHa
CH4,ph - HHV cHa CH4,tot (38)

Combining Equations (37) and (38), in analogy with Scenario 1, we obtain Equation (39).

CHyp

_Enph/cH4
HHV

C H4,tot = (39)

In analogy with Scenario 1, the process heat per unit methane, EnphicHa, is calculated as
the weighted average of the process heat per unit methane for the methane derived from

waste and from miscanthus, Equation (40).

E _ (Enphw cHaCH4,apw+Enphm/cuaCHa apm) ( 40)
h,ph/CH4 — CHy tot

In analogy with Scenario 1, Equations (7)-(10), the terms Ejy ,nw/cna @nd Ep, ppy/cna are
calculated from Equations (41) and (42).
Eh,phW/CH4 = Eh,ADW/CH4 + Eh,COZ/CH4 (41)

Enpnmicaa = Enmgrowtn/cua + Enapm/cua + Encoz/cha (42)
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The methane from waste and the methane required from miscanthus are calculated from
Equations (43) and (44).

CH4-,ADW = WYADCH4/W (43)
CHy apy = CHytor — CHy apw (44)
The methane produced from miscanthus in single stage AD is given by Equation (45).
CH4-,ADM = MYADCH4/M (45)
The miscanthus required is calculated by combining Equations (44) and (45) into
Equation (46).

CH. —CH
M = HHator 4,ADW (46)
YaADpcH4a/M

In analogy with Scenario 1, Equations (39), (40) and (46) are a system of three equations
in the three unknowns CHatot, M and En phicha, Which is solved iteratively.

The land required for miscanthus growth was calculated with Equation (21).

The electricity requirement for WE and hydrogen compression, E,; g and E¢; yocomp, are
calculated from Equations (32) and (33), considering only the hydrogen for transport.
The electricity requirement for the methane produced from AD is calculated from

Equations (47)-(50).

Eeicha = Eel,CH4/CH4CH4,t0t (47)

E _ (Eet,cHaw/cHa'CHaapw+Ee,cHam/cHa CHa aDM) 48

el,CH4/CH4 = CH (48)
4,tot

Eei.caw/cha = Eerapwycaa + Eeico2/cha (49)

Eeicamicua = Eeimgrowtn/cua + Eetapm/cha + Eercoz/cha (50)

The total electricity requirement is calculated from Equation (51).

Eeitor = Eecywe + Eel,HZcomp + Eeicha (51)
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The land area for solar PV panels and the total land area are calculated with Equations
(28) and (29). The total energy requirement is calculated with Equation (52).

Etor = CHy ot HHVeps + Eeptor (52)
The water is required for WE only and was calculated with Equation (35), considering
only the hydrogen required for transport.

3.2.4 Scenario 4

The total hydrogen required is calculated from Equation (53).

_ CHy apwss"HHV cha
Hytor = Hyp — HHV 1y + Hyt + Hypp (53)

The hydrogen for domestic heat and for transport is calculated using Equations (2) and
(3). The methane from the second AD stage, CHa apwss, is calculated with Equation (12).

The hydrogen required for the process heating energy is calculated from Equation (54).

Enpn
Haopn = HHIfHZ ®4)

The process heating energy, Enpn, is calculated with Equation (55).

Enpn = Enapwyrs/azHzapwss + Enapwss/cuaCHa apwss + Encoz/cnaCHa apwss (55)
The hydrogen from the AD first stage, Hzapwrss, is calculated with Equation (11).

The hydrogen required from WE, Hawe, is calculated from the total hydrogen required
minus the hydrogen from AD of waste first stage, Equation (56).

H2,WE = H2,tot - H2,ADWfS (56)
The electricity requirements are calculated as the sum of the electricity requirements for

WE, for hydrogen compression, for CO2 removal and for AD, Equations (57)-(61).
Eel,tot = Eel,WE + Eel,HZcomp + Eel,COZ + Eel,AD (57)

Eewe = Eel,WE/HZ Hy wi (58)
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Eettizcomp = Eetcomp/nz(Hawe + Haapwrs) (59)
Eeicoz = Eel,coz/Hsz,ADWfs + Eel,COZ/CH4CH4,ADWss (60)
Eerap = Eel,ADWfs/Hsz,ADWfs + Eel,ADWss/CH4CH4,ADWss (61)
The land required for electricity generation is calculated with Equation (28).

The total energy required is calculated by adding up the energy generated by the
combustion of hydrogen and of methane and the total electricity required, Equation (62).
Etor = Hz apwrsHHVy, + CHyapwssHHVepa + Eeitot (62)
The water was required for WE only and is calculated with Equation (35), considering
only the hydrogen to be provided by WE, Hawe.

3.2.5 Scenario 5

The total hydrogen required is calculated with Equation (63), which modifies Equation (1)
taking the heating energy obtained from the CHP into account. In Equation (63), it is
assumed that all the combustion energy of the methane that is not converted into

electricity is used for heating.

_ CH4 apw(1-1cHp)HHV cH4
Hytor = Hyp + Hyp + Hyppp — HHV 115 (63)

The terms Hznrand Hatare calculated according to Equations (2) and (3). The term Ha pn

is calculated with Equations (64), (65) and (43).

Enpn
Hoph = v (64)
Eh,ph = Eh,ADW/CH4CH4,ADW (65)

The electricity required is calculated with Equation (66), which includes the electricity

generated by the combustion of methane generated by AD.

Eeitor = Eetwe + Eeap + Eeyizcomp — CHaapwtcup HHV cpa (66)
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The terms Eeiwe, EelH2comp, CHaapw are calculated with Equations (32), (33), (43),
respectively. The term Eeapis calculated with Equation (67).

Eerap = Eel,ADW/CH4CH4,ADW (67)
The land required for electricity is calculated with Equation (28). The total energy required
is calculated with Equation (52). The water requirement is calculated with Equation (35).
3.2.6 Scenario 6

The total hydrogen required is calculated with Equations (1)-(3). The hydrogen for
process heat is calculated with Equation (64), with the term En pn given by Equation (68).
Enpn = Enapwyrs/uzHz,apwrs + Enapwss/cuaCHa apwss + Ensmr/n2CHa apwssYsmruz/cha +
Eh,COZ/CH4-CH4-,ADWSS (68)
In Equation (68), the terms Hz apwts and CHa apwss are calculated with Equations (11) and
(12), respectively.

The electricity requirement is calculated from Equation (69).

Eeitor = Ecywe + EetH2comp + Eercoz + Eersmr + Eerap (69)
The term Eewe is calculated with Equation (58), with Howe given by Equation (70).
HZ,WE = HZ,tot - HZ,ADWfS - HZ,SMRW (70)
In Equation (70), the term Hzsmrw is calculated with Equations (12) and (13). The term
Eel,H2comp IS calculated with Equation (33) and Eei,ap with Equation (61). The term Eei,coz is
calculated from Equation (71).

Eeicoz = Eel,COZ/HZ (HZ,ADWfS + HZ,SMRW) (71)
The total land required, which coincides with the land required for solar PV for electricity
generation, is calculated with Equation (28). Water is required for WE and for SMR and

is calculated by adding up the contributions of these processes.
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3.2.7 Scenario 7

The total hydrogen required is calculated with Equations (1)-(3). The hydrogen for
process heat is calculated with Equation (64). The process heating energy is calculated
from Equation (72), with Hz apwts given by Equation (11).

Enpn = (Enapwys/uz + Encoauz)Hzapwys (72)
The hydrogen required from WE is calculated from Equation (56).

The total electricity requirement is calculated with Equation (57). The electricity required
for WE is calculated with Equation (58) and the electricity for compression with Equation
(33). The electricity required for CO2 removal is calculated from Equation (73). The
electricity required for AD is calculated from Equation (74).

Eei,co2 = Eeicoz/n2Hz2,apw s (73)
Eel,AD = Eel,ADWfS/HZHZ,ADWfs (74)
The total land required, which coincided with the land required for solar PV for electricity
generation, is calculated with Equation (28) and the water requirement with Equation (35),
considering only the hydrogen to be provided by WE, Hawe.

3.2.8 Scenario 8

The total methane required is calculated Equation (75).

CHytor = CHyp + CHyp + CHy (75)
The methane required for heating, CHapn, is calculated with Equation (36) and the

methane required for transport with Equation (76).

CH4’t = Liem (76)

Lxm/cHa
The methane required for process heat, CHapn, is calculated with Equation (38).

Combining Equation (38) with Equation (75) we obtain Equation (77) for CHatot.
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CH4p+CHy ¢

_Enph/cH4
HHV Cpg

CH4,t0t = (77)

In analogy with Scenario 3, the term En phicHa, the methane produced from waste and the
miscanthus required are calculated with Equations (40)-(46). Equations (77), (40) and
(46) constitute a system of three equations in the three unknowns CHaitot, En phichsa and M.
The land required for miscanthus growth is calculated with Equation (21).

The total electricity required is due to AD, CO2 removal and CH4 compression, and is
calculated with Equation (51) (without the terms for WE and hydrogen compression), (47),
(48) and with Equations (78), (79) which replace Equations (49), (50) by including the
term for methane compression.

Eeicaw/cha = Eevapw/cna + Eeicoz/cha + Eeicacomp/cha (78)
Eeicamicua = Eeimgrowtnscua + Eerapm/cha + Eeicoz/cha + Eet,cHacomp/cha (79)
The land area for solar PV panels and the total land area are calculated with Equations
(28) and (29). The total energy requirement is calculated with Equation (52). There is no
water requirement in this scenario.

3.2.9 Scenario 9

The total hydrogen required is calculated with Equation (80).

_ CHy apwssHHV cya
Hytor = Hyp — HHV + Hyn (80)

In Equation (80), the terms Hz,nand CHaabwss are calculated with Equations (2) and (12),
respectively. The hydrogen for process heat is calculated from Equations (54) and (55),
with Hz apwis and CHa apbwss given by Equations (11) and (12).

The total electricity required is given by Equation (81).

Eeitot = Eetwe + Eercoz + Eerap + Eeut (81)
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In Equation (81), the term Eeitis given by Equation (82), the term Ee,we by Equations (56)

and (58), the term Eel,co2 by Equation (60) and the term Eeiap by Equation (61).

Eypp = —km (82)

Lym/Et
The total area required is only due to PV panels, and is given by Equation (28). The total
energy required is given by Equation (62). The water is required for WE only and is

calculated with Equation (35), considering only the hydrogen to be provided by WE, Ha we.
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443  Table 1. Numerical parameters used in this study (base case)

Parameter

Value

Reference

Eel.ADmicH4
Eel,ADMfs/H2
Eel,ADMss/H2
Eel,apwich4
Eel, ADwis/H2
Eel, ADwss/icHa
Eel, ADwss/H2
Eel,cHacompicHa
Eel,cozicha
Eel,coam2
Eel,HZcomp/HZ
EeI,Mgrowth/CH4
EeI,Mgrowth/HZ
Eel,sMrH2
Eel,wem2
En,apmicHa
Eh,Abmfs/H2
Eh,ADMss/H2
En,AbwicH4
En,apwisH2
Eh,ADwss/CH4
Eh,ADWss/H2
En,cozicHa
En,cozmz
End
Eh Mgrowth/cH4
Eh,Mgrowth/HZ
En,sMrH2

Epv

HHV
HHVcha
Lkm
LkmicHa
Lkmret
LkmH2

w

Y ADCHam
Y aDcHawW

Y aDfsH2/M
Y aDfsH2w
Y ADssCH4/M
Y ADsscHamw
Ywia
Y SMRH2/CH4
Y SMRH20/H2
YWEH20H2
Nchp

6,155 MJ/tcha
40,734 MJ/tn2
7,251 MJ/th2
4,999 MJ/tcha
36,532 MJ/thz
2,895 MJ/tcHa
5,791 MJ/th2
1,277 MI/tcha
681 MJ/tcha
2,140 MJ/tn2
17,015 MJ/th2
2,804 MJ/tcha
5,608 MJ/tH2
1,144 MJ/tn2
182,022 MJ/th2
6,155 MJ/tcha
40,734 MJ/tn2
7,251 MJ/th2
4,999 MJ/tcha
36,532 MJ/tH2
2,986 MJ/tchHa
5,791 MJ/th2
3,911 MJ/tcha
12,290 MJ/th2
1.345 EJlyear
3,250 MJ/tcha
6,502 MJ/th2
17,600 MJ/th2
1.84-106
MJ/ha.year
141,790 MJ/tn2
55,500 MJ/tcHa

5.26-10% km/year

28.2 km/kgcHa
1.6 km/MJ
116 km/KgH2

62.1 Mtom/year

0.162 tcHaltom
0.200 tcHa/tom

0.012 tHo/tom
0.014 tHo/tom
0.138 tcHaltom
0.172 tcHaltom
13 t/ha.year
0.5 tH2/tcha
4.5 thzolth2
9 th2o/tH2
0.40

Calculated assuming electrical energy requirements in AD of
1,000 MJ/tys [23] and the assumed yields of H2 and CHa
production from waste and miscanthus. For the two stage AD
process, half of the total electricity consumption is assumed for
each stage

Calculated from [24]
Calculated from [25]
Calculated from [25]
Calculated from [26]
Calculated from [27]
Calculated from [27]
Calculated from [28]
Calculated from [29]

Calculated assuming heating energy requirements in AD of
1,000 MJ/tvs [23] and the assumed yields of H2 and CH4
production from waste and miscanthus. For the two stage AD
process, half of the total heating energy consumption is
assumed for each stage

Calculated from [25]
Calculated from [25]
Calculated from [30]
Calculated from [27]
Calculated from [27]
Calculated from [28]
Calculated from [21], which uses an average power capacity per
unit area of 54.2 MW/km? and a load factor of 0.1076
[31]
[31]
Calculated from [32]
Calculated from [24], for cars
Calculated from [33], for cars
Calculated from [33], for hydrogen fuel cell cars
Calculated from [34] using mid-points of the generation range of
OFMSW, manure, agricultural residues and sewage sludge for
the UK

Calculated with the assumptions on the biodegradability (80 %
conversion) and yield of H2 and CH4 from biomass components
used in [34]. For waste, composition according to [34]. For
miscanthus, composition according to [35]

Assumed from miscanthus yields [36, 37]
From stoichiometry of SMR CH, + 2H,0 — 4H, + CO,

From stoichiometry of WE 2H,0 — 2H, + 0,
[38]
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4. Results

Table 2 shows the fuel, energy, land and water requirements for the nine scenarios.
Among the scenarios 1, 2, 6 and 7, where hydrogen is the only energy vector, scenario 1
needs the highest hydrogen (20.6 Mt/year) while the lowest requirement is for scenario 2
(14.0 Mt/year). The hydrogen requirement is lower in other scenarios where methane is
also used as energy vector.

In scenario 8, there is no hydrogen requirement, but 55.1 Mt/year of methane are needed.
The total energy requirement is the highest for scenarios 1 and 8 (3.38 and 3.57 EJ/year,
respectively), and the lowest for scenario 9 (2.06 EJ/year). Land requirements are much
higher for scenarios 1, 3 and 8 (14.1, 9.02 and 20.6 Mha) than for the other scenarios
and are the lowest for scenario 9 (0.73 Mha). As far as the water requirement is
concerned, the highest is for scenario 2 (126 Mt/year) while scenario 8 has no water
requirement. Scenarios 3 and 9 have considerably lower water requirements (40.8 and
46.6 Mt/year, respectively) than other scenarios except 8.

AD of organic waste can potentially generate up to 6.21 Mt of hydrogen per year
(scenarios 1 and 6), of which 0.87 come directly from the first stage and 5.34 come from
the SMR of the methane produced in the second stage. AD of waste for methane
production in a single stage process (scenarios 3, 5 ad 8) can potentially generate 12.4
Mt/year of methane. In the scenarios where miscanthus is used to supply the balance of
energy for heat and transport (scenarios 1 and 8) or for heat only (scenario 3), miscanthus
provides most of the hydrogen (14.38 Mt/year for scenario 1) or of the methane (17.7 and

42.7 Mtlyear).
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The process heat requirements are the highest in scenarios 1 and 8 (0.96 and 0.68
EJl/year, respectively). The electricity requirements are dominated by WE and are the
highest for the scenarios that make more use of this process (scenarios 1 and 7).

When miscanthus is used, the land for its growth is by far the largest contribution to the
total land required. For example, in scenario 1 the land for miscanthus growth (13.7 Mha)
represents 98 % of the total land required (the balance being used to generate electricity).
In the scenarios where miscanthus is not used (scenarios 2 and 4-7) the main land use
is due to electricity generation for WE.

Water consumption is mainly due to WE in all scenarios except in scenarios 1 and 8

where WE is not used.
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Table 2. Results for the nine scenarios

Scenarios
1 2 3 4 5 6 7 8 9
Summary of main requirements (total)
H> (Mt/year) 20.6 14.0 4.53 10.6 11.5 154 14.3 - 6.05
CHa4 (Mt/year) - - 30.1 10.7 12.4 - - 55.1  10.7
Energy (El/year) 3.38  2.79 2.81 2.74 265 272 268 357 206
Electricity 046 279 114 192 196 184 256 051 1.34
(EJ/year)
Energy from waste g3 . 069 072 069 08 012 069 072
(EJ/year)
Energy from
Miscanthus 2.04 - 0.98 - - - - 2.37 -
(EJ/year)
Land (Mha) 14.1 1.52 9.02 1.04 1.07 1.00 1.39 20.6 0.73
Water (Mt/year) 79.2 126 40.8 87.4 104 107 121 - 46.6

Hydrogen, methane, miscanthus requirements (Mt/year)
H, from waste first

0.87 - - 0.87 - 0.87 0.87 - 0.87
stage
CHafromwaste =5, . 10.7 - 107 - - 107
second stage
CHa from waste . 12.4 . 124 - - 124 -
single stage
H, from SMR 5.34 - - - - 5.34 - - -
TotalHafrom g op . . . - 621 087 - 087
waste
Hz from 1438 - - - - - - - -
miscanthus
CHa from i i 17.7 i i i - @7 -
miscanthus
Miscanthus 178 - 109 - - - - 264 -
Heat requirements (EJ/year)
AD 0.27 - 0.17 0.06 0.06 0.06 0.03 0.32 0.06
Miscanthus 509 - 0.06 . - . - 014 -
growth
SMR 0.34 - - - 0.09 - - -
CO; removal 0.25 0.12 0.05 - 0.08 0.01 0.22 0.05
Total process heat 0.96 - 0.35 0.12 0.06 0.23 0.04 0.68 0.12
Electricity requirements (EJ/year)
AD 0.24 - 0.17 0.06 0.06 0.06 0.03 0.32 0.06
Miscanthus 508 - 0.05 . - . - 012 -
growth
SMR 0.02 - - - - 0.01 - - -
CO; removal 0.04 - 0.02 0.01 - 0.01 <0.01 0.04 0.01
WE 2.55 0.83 1.77 2.10 1.68 2.45 - 0.94
H, compression 0.08 0.24 0.08 0.08 0.08 0.08 0.08 -
CH4 compression - - - - - - - 0.02

28



Table 2. Results for the nine scenarios

Scenarios
1 2 3 4 5 6 7 8 9
Land requirements (Mha)
Miscanthus =437, . 8.40 . . . - 203 -
growth
Electricity for AD  0.13 - 0.09 0.03 0.03 0.03 0.02 0.18 0.03
Electricity for
Miscanthus 0.04 - 0.03 - - - - 0.07 -
growth
Electricity for €02 ; 001  <0.01 001 <0.01 002 <0.01
removal
Electricity for SMR  0.01 - - - - <0.01 - - -
Electricity for WE 1.39 0.45 0.96 1.14 0.91 1.33 - 0.51
Electricity for
hydrogen 0.04 0.13 0.04 0.04 0.04 0.04 0.04 - -
compression
Electricity for
methane - - - - - - - 0.01 -
compression
EIect'r|C|ty for i i i i i i i i 018
electric vehicles
Water requirements (Mt/year)
For SMR 79.2 - - - - 24.0 - - -
For WE - 126 40.8 87.4 104 83.0 121 - 46.6
478
479
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5. Discussion

5.1. Land requirements

Using miscanthus as AD feedstock, together with organic waste, needs too much land to
provide all the required energy for heating and transport (scenarios 1 and 8) and/or for
heating only (scenario 3). The total land in the UK is approximately 24.3 Mha, and
scenarios 1, 3 and 8 would require between 38 and 85 % of the total land in the country
to be used for energy generation, which is clearly impossible. Therefore scenarios 1, 3
and 8 are unfeasible.

On the other hand, when WE is used to generate the required hydrogen for heat and
transport, the land requirements are much lower and feasible. For example, the land
requirement for scenario 2 (WE used to provide all the heat and transport energy) is 1.52
Mha which is only 6 % of the total land of the country and much lower than for scenario
1. The land requirements in the scenarios with WE can be reduced if energy is also
obtained from the AD of organic waste. For example, scenarios 4, 5 and 6 differ from
scenario 2 in that part of the energy in these scenarios is obtained from waste. Due to the
energy from waste, the land requirements for Scenarios 4, 5 and 6 are in the range of
1.00-1.07 Mha which is 30-34 % lower than for Scenario 2. Obtaining energy (in the form
of hydrogen or methane) from AD of waste reduces the amount of hydrogen to be
obtained from WE, which in turns reduces the electricity requirements and the land
required to generate electricity with solar panels. In scenarios 4-6, the energy generated
from waste corresponds to 26-32 % of the total energy required. In Scenario 7 the
contribution of energy from waste is lower than in other scenarios because only the first

stage of AD is used for energy generation. However, an advantage of scenario 7 is that

30



503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

the digestate from AD can still be valorised to produce chemicals, which is not possible
in scenarios 4-6 where most of the organic matter is converted into energy. From the land
requirements point of view, scenario 9 is the best one as it needs only 0.73 Mha which is
3 % of the total land in the UK and at least 27 % less than in any other scenarios. The
reason for the lower land requirement in scenario 9 is the direct use of electricity for
transport. Electric vehicles are more energy efficient than other types of vehicles and this
corresponds in a lower land required to generate the required electricity.

5.2. Water requirements

As far as the water requirements are concerned, the scenarios that make more use of
WE are the ones with the highest requirements. The annual consumption of drinking-
guality water in the UK can be estimated at approximately 3,400 Mt/year [39], therefore
the highest water consumption calculated in this study (126 Mt/year for Scenario 2)
corresponds to an increase of 3.7 % in the drinking water supply in the country. Although
this increase is not insignificant, it is relatively minor considering that an additional
capacity of approximately 1,200 Mt/ly in the water system in the country is required by
2050 [39]. The water required for energy generation can be reduced by making use of
energy from waste. Scenarios 4, 5 and 6 give a reduction in water requirements between
14 and 30 % compared to scenario 2 where no energy from waste is used. The scenarios
based on AD of miscanthus (scenarios 1, 3 and 8) have lower water requirements than
the scenarios based on WE, however these scenarios are unfeasible due to the too high
land requirements. Scenario 9, based on the use of electric vehicles, is particularly
attractive also due to its low water consumption, which is in turn due to the direct use of

electricity for transport. It is however important to observe that the calculations reported
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in this study only refer to the direct water consumption due to the chemical reactions of
WE and SMR. In a full life cycle assessment, which is outside the aim of this study, the
indirect water consumption by the considered processes should also be factored in.

5.3. Sensitivity analysis

The sensitivity of the required land to the values of some of the parameters used is shown
in Figure 2. Figure 2a considers the scenarios with miscanthus, as a function of the
miscanthus harvest yield. A maximum yield of 40 t/ha.year is assumed, based on the
literature [40]. For the highest yield, the required land decreases considerably to 4.69,
3.35 and 6.87 Mha for scenarios 1, 3 and 8, respectively, representing a decrease of 65-
70 % compared to the base cases (miscanthus yield of 13 t/ha.year). However, even
under these optimistic assumptions on the yield, the land required in the scenarios with
miscanthus is still considerably higher than in the scenarios based on WE (land
requirements of 1.52 Mha or lower). Furthermore, high yields of energy crops are usually
reported for controlled sites under optimum conditions and are difficult to achieve under
commercial full-scale conditions [40Q]. It is important to observe that our study assumes a
constant yield, while the biomass yield per unit land depends on the characteristics of the
land (e.g. type of soil, moisture, temperature). By comparison, a spatial distribution of the
potential yields of cassava and sweet sorghum was obtained for five provinces in China,
obtaining biomass yields in the wide range 0.07-60 t/ha.year, with an average value of
approximately 30 t/ha.year [13]. Since the scenarios with miscanthus require much larger
areas than the other scenarios, in the rest of the sensitivity analysis (Figures 2b)-f)) the
scenarios with miscanthus are excluded, in order to focus our analysis on the more

interesting scenarios based on WE.
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Figure 2b shows the effect of the conversion of the organic waste in the AD process.
Increasing the conversion yield from 65 % to 95 % (lowest and highest values assumed,
the base case assumes 80 % conversion) reduces the required land by a factor 15-22 %
in scenarios 4, 5, 6 and 9. The highest benefit is observed for scenario 9 (with a land
requirement of 0.66 Mha for conversion efficiency of 95 %) as in this scenario energy
from waste represents a higher contribution to the total energy.

Figure 3c shows the effect of not including the heat requirements of the AD process. The
base case assumes that the AD process requires heating to be maintained at the optimum
temperature, however AD can be operated also at lower temperatures and in principle
without any external heating energy [41]. Excluding the AD heat requirements gives a
reduction of up to 5 % in the total land required, which is for scenario 9 where the land
required is reduced to 0.69 Mha.

Figure 2d shows the effect of the solar PV capacity per unit of land area. An analysis of
ten solar PV farms in the UK showed that the installed capacity per unit area varies in the
range 41-86 MW/km? (our base case assumes 54 MW/km?) [21]. Increasing the solar
panel capacity from 41 MW/km? to 68 MW/km?, maintaining the load factor at 0.1076,
reduces the land required by approximately 40 % in all scenarios. For the highest
capacity, the land required for scenarios 4, 5 and 6 is in the range 0.80-0.85 Mha and for
scenario 9 is 0.58 Mha.

Figure 2e considers the effect of the energy use of WE. The lowest WE energy use of
145,618 MJ/tu2 gives a reduction of 31-33 % in the land required compared to the highest

energy use of 218,426 MJ/tH2 for scenarios 2, 4, 5, 6 and 7 and of 25 % for scenario 9.
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The lowest WE energy use gives a land requirement of 0.63 Mha for scenario 9 and of
0.82-0.85 Mha for scenarios 4-6.

Figure 6f shows the effect of hydrogen mileage for the scenarios with hydrogen for
transport. Increasing the hydrogen mileage from 93 km/kg to 138 km/kg give a reduction
in the land required in the range 12-17 % for Scenarios 2, 4, 5, 6 and 7. For scenarios 4-
6 the highest hydrogen mileage corresponds to a land requirement in the range 0.92-0.96
Mha. Scenario 9 is unaffected by the hydrogen mileage as it doesn’t use hydrogen for
transport.

5.4. Comparison with literature

Although studies directly comparable to the present one are not reported in the literature,
our results qualitatively agree with the main findings of other papers. In a study focused
on the USA and only considering transport energy with bioethanol from corn [42], the
authors concluded that growing corn on the available land would be enough to ensure 10
% v/v ethanol fraction in all the gasoline used in the country, but not much more,
concluding that there was not enough land to supply a large fraction of the transport
energy. The authors also observed that much more energy is generated per unit land with
solar PV panels integrated with WE for hydrogen production than by growing biomass. In
another study which included the USA, Canada, the European Union, China and Russia,
the authors concluded that corn-based ethanol was not a feasible option to replace fossil
fuels because of the too large land requirements [43]. The land requirement for energy
generation per person (without distinction between electricity, heating energy and fuels)
was found to be much higher (by a factor of 30 or higher) for energy from biomass than

for solar PV panels [10]. The results of the cited study, if applied to calculate the land
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requirement for the total (electricity, heating and fuels) energy supply in the UK with solar
PV panels, give a solar PV land requirement of approximately 1.7 Mha, in general good
agreement with the present study. A comparison of the land requirements for electricity
generation with solar PV panels, wind, biomass or hydroelectric turbines found that solar
PV panels require the least area of land and biomass requires the largest [11]. A recent
study showed that solar-powered electric cars have the smallest land requirements,
followed by solar-powered hydrogen cars, while biofuel-powered cars have the largest
land requirement [12]. The cited study calculates lower land requirements for transport
energy than our study (0.00091 vs 0.0021 m?km for solar-powered electric vehicles and
0.0023 vs 0.0093 m?/km for solar-powered hydrogen cars). This difference is due to the
different assumptions on the energy generated by PV panels per unit land (the cited study
uses global average values of the solar irradiation while we used values for the UK), on
the efficiency of WE and on the mileage of electric or hydrogen cars per unit of energy.
5.5. General remarks

In summary, our study indicates that, in terms of minimising the land requirements for
renewable energy generation, the best scenarios are those based on hydrogen fuel cell
vehicles or electric vehicles. Energy generation from waste via anaerobic digestion is
beneficial and can have a significant impact in reducing the land requirements. For these
scenarios, the supply of all the required energy for domestic heating and transport would
require a large but probably feasible land area. On the other hand, the use of land to grow
energy crops is not recommended to supply the bulk energy requirements as the land
requirements would be too large. However, energy crops for AD can still be beneficial in

some cases, e.g. where the land is suitable for crops growth but not for other renewable
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energy installations or to supply energy when the electricity grid is at its maximum
capacity.

In addition to the calculations on the land and water requirements done in this paper,
many other considerations, outside the scope of this paper, need to be done to evaluate
the feasibility and sustainability of the different scenarios for renewable heating and
transport energy. The sustainability of anaerobic digestion can be improved by
technological innovations, e.g. high-pressure digestion that can increase the purity of
methane in the biogas, reducing the energy and costs associated with carbon dioxide
removal and with the injection of biogas into the gas grid [44]. Similarly, alternative
technologies such as photoelectrochemical water splitting or anion exchange membrane
water electrolysis can potentially improve the sustainability of renewable hydrogen
generation from water, although these processes are still at the research stage [45, 46].
Safety of hydrogen production, distribution, storage and combustion needs to be
considered before hydrogen is fully deployed as energy vector [47]. This study assumes
electricity generation by onshore PV panels, but offshore wind can potentially supply part
of or all the required electricity, therefore reducing the onshore land requirements. For
example, it has been estimated that potentially 20 EJ/year of electricity could be
generated from offshore wind turbines at a cost of up to 140 £/ MWh, using 37 % of the
REZ (renewable energy zone) for wind energy deployment [48]. Although other more
conservative estimates indicate that the offshore wind electricity potentially achievable in
the UK by 2030 is in the order of 0.5 EJ/y [49], there is clear indication that offshore wind
could potentially provide all or a significant part of the electricity requirements calculated

in this study. Indirect water requirements, e.g. water used in the production of solar
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panels, should also be considered. Energy storage, density and autonomy of vehicles are
also important factors that need to be considered in the choice of the best technology.
Finally, life cycle assessment and cost analysis of any scenarios are critical elements
which need to be evaluated to fully understand the feasibility and sustainability of
renewable energy generation. A life cycle assessment for California [50] has shown that
the carbon dioxide emissions of hydrogen fuel cell vehicles are about half of the
conventional internal combustion engines if hydrogen is produced from water electrolysis
using renewable electricity from solar PV panels or wind turbines. Currently, the cost of
hydrogen from WE is not yet competitive with hydrogen from fossil fuels (cost estimations
give $5.5/kgnz2 vs $1.39/kgH2 from WE and fossil fuels, respectively) [51]. The cost of
electricity generation from AD has been estimated as low as £0.019/kWhe for large plants
[52]. The cost of battery electric vehicles has been decreasing in recent years and is close
to becoming competitive with more conventional petrol and diesel vehicle [53]. Ultimately,
cost is the determining factor in the success of renewable energy technologies, as shown
by the analysis of consumer surveys [54].

As far as the practical implications of this study are concerned, we can summarise them
as follows: 1) technology development should be more focused on electric or hydrogen
fuel cell vehicles than on using energy crops; 2) technology developments in energy from
waste should be encouraged as they can reduce the land requirements for renewable
energy generation; 3) technology developments for hydrogen boilers should also be
encouraged, as hydrogen could provide all the heating energy required in the UK from
renewable resources; 4) the use of hydrogen (from WE)-methane (from AD) mixtures for

heating should be investigated; and 5) the generation of renewable electricity from solar
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663 PV panels should be incentivised, as it could provide all or most of the energy required in
664 the UK for transport and heating.
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671

672

673

39



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Conclusions

Nine different scenarios are considered for the generation of renewable energy for
domestic heating and road transport in the UK and the required land and water are
calculated for each scenario. The land required to supply the energy for the conversion
processes is also considered. AD of organic waste and of energy crops is considered for
hydrogen and/or methane production while WE is used for hydrogen production. In
addition, battery electric vehicles are also considered. The required electricity is assumed
to be generated by solar PV panels. Scenarios based on energy crops give much higher
land requirements than scenarios based on WE and are therefore not recommended. The
lowest land requirement (0.73 Mha, about 3 % of the total UK land) is obtained with the
use of battery electric vehicles for transport and of a combination of WE and AD of waste
for heating. For the scenarios which use hydrogen fuel cell vehicles for transport, the
lowest land requirements (1.00-1.07 Mha, about 4 % of the total UK land) are obtained
by combining WE and AD of organic waste.

The direct water requirement for the considered processes in the most promising
scenarios correspond to an increase of 1-4 % of the water (drinking quality) requirement
of the country and are likely to be achievable.

Overall, this study shows that the land and water requirements to supply all the energy
used in the UK for domestic heating and road transport are likely to be acceptable, also
considering that the land requirement can be reduced by making more use of offshore

energy.
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