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• An hourly-based model of a locally in-
tegrated PtG system was developed.

• Configuration optimisation led to mini-
mum production cost of 194.6 €/MWh.

• Heat and oxygen use altered production
costs by − 2 % and + 1 %, respectively.

• The system produced heat in excess, but
could not meet oxygen demand.

• Biogas upgrading via PtG increased
costs by 54 % compared with amine
scrubbing.
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A B S T R A C T

Production of electrolytic hydrogen and its conversion to methane, also known as power-to-gas (PtG), could play
a key role in the transition towards a defossilised energy system. Integration of PtG technology with wastewater
treatment and co-digestion presents an opportunity to produce low-carbon methane while simultaneously
upgrading biogas, recycling biogenic carbon dioxide and utilising process by-products (heat and oxygen). A
model of such an integrated system was developed using real plant data to assess the techno-economic perfor-
mance through simulation of hourly operation and configuration optimisation. The integrated concept was
demonstrated to be a promising option for increasing efficiency and reducing costs and emissions in the PtG
system. By-product utilisation increased net energy efficiency from 52.3 to 59.7 %HHV, leading to a reduction in
levelised cost of PtG (LCOPtG) of 1.0 % and in net specific emissions of 28.3 % and 2.2 % based on average and
marginal grid emission factors respectively. Minimum LCOPtG of 194.6 €/MWhCH4 was achieved, which entailed
average and marginal net specific emissions of 37.2 and 635.2 gCO2/kWhCH4, respectively. In the investigated
conditions, the optimised PtG configuration produced heat in excess, but could not fulfil oxygen demand at the
wastewater treatment plant. Heat integration yielded considerable performance improvements, while oxygen
integration provided only minor benefits and slightly increased overall production costs. However, improved
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economic performance of oxygen integration was shown to be possible depending on local conditions. Although
integrating several independent systems introduced the challenge of managing fluctuating heat and oxygen
demand, alongside the varying supply of biogas and renewable electricity, the difference in magnitude between
by-product generation and demand meant that their utilisation had only a minor impact on system operation.

1. Introduction

Reaching climate neutrality by 2050, a European Union (EU) target
[1] and a necessary step to limit global warming to 1.5 ◦C according to
the IPCC [2], will require unprecedented measures to reduce greenhouse
gas (GHG) emissions, with additional deployment of renewable energy
sources (RES) playing a pivotal role. In sectors where direct use of
electricity from RES is either difficult or impossible, e.g. steelmaking,
chemical industry, long-haul transportation and seasonal energy stor-
age, a combination of strategies based on carbon capture, utilisation and
storage may be required [3]. In regions with suitable renewable energy
conditions, the concept of producing synthetic methane (CH4) from
electrolytic hydrogen (H2) and sustainably sourced carbon dioxide
(CO2) from biogas plants through the process of power-to-gas (PtG)
could be developed increase the methane yield of biogas plants [4]. Raw
biogas contains 30–50 % CO2 [5], reducing the cost of extraction [3],
and the biogenic origin of the carbon means that upstream fossil emis-
sions are significantly reduced. Thus, a completely renewable fuel
capable of significantly reducing emissions could be produced [4].

This concept could accelerate defossilisation of key hard-to-abate
sectors requiring an energy-dense carbonaceous fuel, as well as those
needing CH4, H2 and CO2 as feedstocks, since it could use existing
infrastructure for transport, storage and final use. In addition, for large-
scale centralised end-users, biogenic CO2 could be recaptured for per-
manent storage, generating negative emissions similarly to those ob-
tained using the bioenergy with carbon capture and storage concept [3].
PtG could also help reduce power system emissions by providing flexible

demand while allowing existing methane infrastructure to act as long-
term energy storage, aiding integration of intermittent RES [6].
Through this integration of electricity and gas, and consequently various
energy consumption sectors such as heat, mobility and industry, PtG
would enable sector coupling, which could improve the overall effi-
ciency of increasingly renewable energy systems [7].

Conversion of H2 and CO2 from biogas into synthetic methane, i.e.
biogas methanation, can be done either in-situ or ex-situ. In-situ
methanation involves directly injecting hydrogen into the biogas
digester, enabling reduced investment costs but also risking process
instability, while ex-situ methanation takes place in a separate reactor
and thus offers a more stable solution, but at higher cost [8]. Ex-situ
methanation of biogas can be done either directly, using raw biogas,
or indirectly, using the residual CO2 produced when biogas is upgraded
to pure biomethane for vehicle use or grid injection. Since methanation
of raw biogas produces biomethane with low CO2 and H2 content, this
technology could replace conventional biogas upgrading. However,
there are some technical challenges, such as varying gas composition
and impurities [5,9] and a requirement for a continuous hydrogen
supply to ensure a stable upgrading process [10]. The latter may inhibit
the electrolyser's capability for flexible operation to enable system op-
erators to minimise electricity costs on the spot market or match inter-
mittent RES generation to aid local power systems. To prevent this, gas
storage technologies could be used to decouple the electrolysis and
methanation processes and increase flexibility [11]. Vo et al. [9]
compared conventional biogas upgrading via amine scrubbing to direct
and indirect methanation and concluded that although the methanation
route led to significantly higher methane prices, low electricity prices

Nomenclature

Abbreviations
CAPEX Capital expenditure
CH4 Methane
CO2 Carbon dioxide
DF Demand fulfilment
EF Emission factor
GHG Greenhouse gas
H2 Hydrogen
HHV Higher heating value
KPI Key performance indicator
LCOE Levelised cost of energy
LCOM Levelised cost of methane
LCOPtG Levelised cost of power-to-gas
LHV Lower heating value
NPV Net present value
NSE Net specific emissions
O2 Oxygen
OPEX Operating expenditure
PtG Power-to-gas
PEM Proton exchange membrane
PV Photovoltaics
RES Renewable energy sources
SM Supplementary material
UF Utilisation factor
WWTP Wastewater treatment plant

Symbols
ΔH Heat of reaction [− ]
ε Emission factor [gCO2/kWh]
η Efficiency [%]
κ Ratio of specific heats [− ]
λ Usable heat fraction [%]
C Cost [€]
cp Specific heat at constant pressure [J/(kg*K)]
E Energy [MWh]
f Scaling factor [− ]
I Income [€]
LT Lifetime [years]
n Number of reinvestments [− ]
ṅ Molar flow [mol/h]
P Electrical power [kW]
Q̇ Heat power [kW]
R Universal gas constant [J/(mol*K)]
ReInv Reinvestment cost [€]
r Discount rate [%]
S Scale [MW]
T Temperature [K]
t Hour
x Molar fraction [− ]
y Year
yi Year of reinvestment
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could reduce the difference, while Collet et al. [12] demonstrated that
methanation could outperform conventional upgrading at electricity
prices below around 40 €/MWh due to the increased methane produc-
tion. Furthermore, Zhang et al. [4] emphasised the need of using low-
carbon electricity to keep emissions at levels comparable to those of
conventional upgrading.

As an alternative to thermochemical methanation, which requires
high temperatures and pressures, biological methanation has been
proposed as a suitable technology for direct ex-situ methanation of
biogas. This is due to its tolerance to common biogas impurities, mod-
erate operating conditions and high flexibility [5], and because digestate
or reject water from biogas production can provide essential nutrients to
the methanogenic microbes used as catalysts [13]. Nonetheless, Gan-
tenbein et al. [14] demonstrated that biological methanation of biogas
may still be more costly than thermochemical methanation, but the
difference may be reduced if nutrients are supplied through digestate or
reject water and the impact of intermittent operation was not consid-
ered. Due to its need for large reactor volumes, biological methanation
becomes more expensive at large scales and should primarily be
considered for smaller projects [15].

To increase efficiency and achieve additional economic and envi-
ronmental benefits, process by-products, i.e. heat and oxygen (O2) from
electrolysis and heat from methanation, can be utilised [16–18].
Although these currently have large potential markets and high value, in
district heating (DH) networks and industrial oxygen use, respectively
[18,19], these markets may become saturated upon large-scale deploy-
ment of PtG and more local by-product utilisation could therefore
become increasingly important. Spatially close by-product integration
could also reduce handling costs and losses [19,20]. One promising
option is locating PtG adjacent to wastewater treatment plants
(WWTPs). On their own, WWTPs offer ample opportunities for sector
coupling, as they are substantial and potentially flexible electricity and
heat consumers and biogas producers, but PtG integration could provide
additional benefits for both systems [21,22]. Electrolytic oxygen could
reduce WWTP energy demand by replacing air in conventional aeration
of the activated sludge process, which typically represents 50–70 % of
electricity consumption [21,23]. Excess heat produced by electrolysis
and methanation could be used e.g. to maintain sludge digester tem-
perature. Since they are present in most urban areas, WWTPs provide a
readily available by-product valorisation opportunity [22].

The concept of integrating PtG and WWTPs has been frequently
explored in the literature. O'Shea et al. [24] assessed the suitability of
CO2 utilisation for PtG from different facilities in Ireland and found that
WWTPs were among the most promising sources due to their high
concentration of biogenic CO2 and proximity to both gas and electricity
grids. Rusmanis et al. [23,25] concluded that significant emission re-
ductions could be achieved with an appropriately sized PtG system
through additional methane production and wastewater aeration energy
savings. Michailos et al. [18,26] investigated PtG as a biogas upgrading
technology at a WWTP and showed that heat and oxygen utilisation
could significantly improve the economic performance of the system if
sold at sufficiently high prices, while Csedő et al. [27] analysed the
potential of PtG at WWTPs as an energy storage technology and
underlined the importance of economic performance and mentioned
how limitations in by-product demand can influence this.

However, these studies considered neither temporal variations in by-
product demand, nor the additional cost that come with by-product
integration, both of which could have significant effect on the tech-
nical and economic performance of the integrated system. Donald and
Love [28] used hourly process data to investigate shifting the energy
demand at a WWTP using electrolytic oxygen and proposed introducing
oxygen storage to handle supply and demand variations, while Campana
et al. [21] optimised a renewable energy system including hydrogen
production and both heat and oxygen utilisation at a WWTP using
hourly demand data but did not elaborate on the impact of variable by-
product demand. Hönig et al. [29] and van der Roest et al. [17]

considered by-product investment costs in their analyses of electrolytic
oxygen and heat utilisation, respectively, and showed that these costs
may influence the overall feasibility of by-product integration. However,
none of these studies included methanation, which could provide
additional integration opportunities.

In this study, we considered an integrated PtG system incorporating
wastewater treatment with biogas production from sewage sludge, and
additional biogas production through co-digestion of organic waste. The
system could act as a replacement for conventional biogas upgrading,
while providing further opportunities for sector coupling through local
by-product utilisation. Addition of a dedicated co-digestion plant would
increase the CO2 supply, potentially reducing the discrepancy between
the higher oxygen demand and lower CO2 availability previously re-
ported for PtG systems based on wastewater treatment [23]. We used
hourly operational data from a WWTP, a co-digestion plant and
renewable generation to account for temporal variations in biogas pro-
duction, by-product demand and electricity supply, and analyse poten-
tial supply and demand mismatches. To our knowledge, combining all
three systems is a novel approach, which was further developed by the
inclusion of hourly data and by-product integration costs. The aim of the
study was to provide a detailed assessment of the technical performance,
economic feasibility and climate impact of the integrated system, while
accounting for the effects of operational variations between the different
systems integrated. Specific objectives were to:

I. Optimise the configuration and electricity supply of a PtG system
integrated with co-digestion and wastewater treatment based on
hourly operational data.

II. Quantify the techno-economic performance through evaluation
of levelised cost of PtG, net specific operational GHG emissions
and net energy efficiency.

III. Analyse the implications of variable CO2 availability and by-
product demand for operation of a PtG system.

2. Methodology

2.1. System description

To enable analysis of the concept, a model of the integrated PtG
system was developed. The model simulated one year of operation on an
hourly basis using price and CO2 emissions data from 2021, and hourly
operational data from both the WWTP and the co-digestion plant. The
PtG system analysed consisted of a PEM electrolyser and a compressed
gas tank for hydrogen production and storage, and a biogas compressor
and biological methanation reactor for conversion of hydrogen and CO2
into methane (Fig. 1). The by-products, oxygen and heat, were utilised to
reduce energy consumption within the WWTP, while electricity was
obtained from the grid or directly from intermittent RES. Depending on
the size of the system, the biogas flow could exceed the PtG upgrading
capacity. Since no biogas storage was considered, any non-upgraded
biogas was assumed to be flared, to ensure a high-purity output gas.
The anaerobic digestion process was not included in the model, biogas
production was instead represented simply through an outlet gas flow.

The PtG system was assumed to be located at a co-digestion plant in
Uppsala, Sweden, where biogas from both co-digestion and sludge
digestion is currently upgraded. The WWTP, located approximately 1
km from the co-digestion plant, has a population equivalence of almost
200,000 and treats approximately 20 million m3 wastewater annually.
In total, the two facilities produce 60 GWh of biogas per year. The
WWTP was assumed to consume 12 GWh of energy annually, of which
4.5 GWh was heat and 2.1 GWh was electricity for aeration. Heat was
originally sourced from the local DH network and electricity from the
electricity grid.

2.1.1. Electricity supply
Electricity could be supplied using the grid, onshore wind power
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through an hourly-matching power purchase agreement or on-site solar
photovoltaics (PV) generation. Only PV was assumed on-site due to its
suitability for deployment in urban areas, as well as actual plans for PV
generation at the location. Grid electricity was purchased on the hourly
spot market in SE3, one of four Swedish electricity bidding zones.
Hourly purchases were assumed to entail emissions represented by
hourly emission factors (EFs) for SE3 determined in a previous publi-
cation by our research group [46]. These EFs include both average
emissions, i.e. grid-mix, and short-run marginal emissions, i.e. emissions
associated with a slight change in demand in the current power system,
and consider electricity imports and exports within the interconnected
northern European electricity system and life cycle emissions for all
generation technologies. Wind and PV generation were based upon
hourly generation profiles in Uppsala obtained from renewables.ninja
[60,61], average capacity factors for new onshore wind farms and
utility-scale PV in Sweden [62] and annual cell degradation for PV
(Table 1). Wind and PV costs were assumed to be 40 and 45 €/MWh,
respectively based on levelised cost of energy (LCOE) values (Table S1).
A grid fee of 10 €/MWh was assumed for grid electricity and electricity
via power purchase agreement (wind), but not for local PV. Electricity
taxes were not considered. To account for the uncertain value of unused
RES generation during peak hours and the limited capacity of the local
grid to accommodate peak generation, and thus avoid excessive RES
oversizing, the impact of an excess RES generation cost equal to the
production cost was also included.

2.1.2. Electrolysis
A proton exchange membrane (PEM) electrolyser was chosen due to

its high flexibility capabilities. It converts liquid water (H2O) into
hydrogen and oxygen gas through endothermic electro-chemical re-
actions (Eqs. 1–3) and generates heat through efficiency losses due to
thermodynamic irreversibilities [30].

Cathode : 2 H+ + 2 e− →H2 (1)

Anode : H2O→2 H+ + 2 e− +
1
2
O2 (2)

Overall : H2O→H2 +
1
2
O2,ΔH = 285.8

kJ
mol

(3)

Depending on the research objective, electrolysers can be modelled
with varying degree of detail. According to Baumhof et al. [63], simpler
models assuming constant efficiency or no operational states can
improve runtimes, but more comprehensive representation is preferable
for operational problems, especially those involving part-load operation
[63,64]. Considering part-load efficiencies may also reduce operational
costs [64] and provide additional information regarding excess heat
generation which varies with stack efficiency [17]. In the present study,
which targeted both operation analysis and optimisation, the PEM
electrolyser was modelled using a linearised steady-state efficiency
curve, three operational states and a thermal model.

A stack efficiency curve fromGinsberg et al. [33] was linearised in 10
segments, adapted to an assumed initial full-load stack efficiency and
subjected to degradation at a rate of 1 %-unit per year (Table 1). Stack
degradation reduces hydrogen production efficiency, but at the same
time increases the theoretical heat recovery potential of the stack which,
if this heat is utilised, could decrease the overall system efficiency loss
[17]. Electrolyser system efficiency, i.e. actual electricity to hydrogen
efficiency, was slightly lower than stack efficiency, due to assumed
constant auxiliary energy consumption.

Despite its flexible characteristics, PEM electrolysis still experiences
some operational constraints, which were modelled using three opera-
tional states: on, off or standby. When starting from cold conditions
(off), start-up and heat-up times during which no hydrogen or heat,
respectively, was produced were assumed. To avoid these cold start-up
penalties, the option of standby was included at a cost of 2 % of nomi-
nal power. No ramping restrictions were considered, since load changes
can take place within seconds [30].

Fig. 1. Schematic overview of the integrated power-to-gas system.
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A thermal model was developed to describe the amount of usable
heat produced by the electrolyser, which was assumed to operate
isothermally. Heat generation was based on the electrolyser load and
stack efficiency (Eq. 4), and the energy required to heat the input water
to operating temperature (Eq. 5).

Usable electrolyser heat = λ ×
[
Pstack ×

(
1 − ηstack,HHV

)
− Q̇loss

]
(4)

Q̇loss = ṅH2O × cp,H2O ×
(
Te − TH2O,in

)
(5)

where λ is the usable heat fraction (section 2.2.1), Pstack is electricity
input to the electrolyser stack, ηstack,HHV is electrolyser stack higher
heating value (HHV) efficiency, ṅH2O is input molar flow of deionised
water, cp,H2O is specific heat capacity of water, Te is electrolyser oper-
ating temperature, and TH2O,in is temperature of the input water (15 ◦C).

2.1.3. Hydrogen storage
To decouple electrolysis from the more continuous biogas produc-

tion system and enable operational flexibility based on intermittent RES
generation and spot prices (section 2.4), compressed gaseous hydrogen
storage was included. A storage pressure of 30 bar was assumed, to avoid

additional compression beyond what can be achieved by the electrolyser
[11]. The space requirements for low-pressure storage were assumed to
be manageable for short-term stationary storage. No energy or gas losses
were assumed.

2.1.4. Biological methanation
Biological methanation converts hydrogen and carbon dioxide into

methane and water (Eq. 6) in a process retaining 78 %HHV of the energy
[15].

4 H2 + CO2→CH4 + 2 H2O,ΔH = − 165.1
kJ
mol

(6)

A continuously stirred tank reactor was assumed, represented using
conversion efficiency, electricity consumption (Table 1) and a thermal
model. Due to continuous biogas flow and upgrading demand, the
reactor operated constantly throughout the simulations and no start-up
time was necessary. Part-load characteristics were also neglected, due to
lack of available information on the topic. All nutrients required were
assumed to be supplied through co-digestion digestate and WWTP reject
water at no additional cost, while gas polishing and recirculation was
assumed to be part of the reactor system to ensure satisfactory output

Table 1
Technical parameters and assumed values for the integrated power-to-gas system.

Parameters Used value Unit Literature range Source

PEM electrolyser
Operating temperature 80 ◦C 50–80 [17,30]
Hydrogen pressure 30 bar 20–70 [30,31]
Initiala stack efficiency 80 %HHV 71–84 [30,32–34]
Initiala system efficiency 75 %HHV 54–77 [30,32,35,36]
Minimum load 6.25b % 0–10 [11,30,32,34]
Stack lifetime 10 yearsc hours 60,000–100,000 [30,37,38]
Degradation rate 1 %/year 0.5–2.5 [17,30,33]
Cold start-up time 5d minutes 0.2–10 [11,15,30]
Standby consumption 2 %of rated power 1–5 [17,30,39]
Water consumption 0.01 m3H2O/kgH2 10 [18,34]

Hydrogen storage
Storage pressure 30 bar 30–300 [11,38,40]

Biological methanation
Operating temperature 65 ◦C 60–65 [10,41,42]
Operating pressure 10 bar 5–10 [10,18,41]
Minimum load 0 % 0–10 [15]
CO2 conversion efficiency 99 % 98.6–100 [8,10,42–44]
Electricity consumption 0.5 kWh/Nm3CH4 0.4–0.8e [10,42,43]

Compressor
Isentropic efficiency 75 % 75 [10,37,45]
Mechanical efficiency 95 % 95 [37,45]

Energy and emissions
Grid emissions Using hourly emission factors from our previous work [46]
Wind emissions 15 gCO2eq/kWh 15–16 [47–49]
PV emissions 70 gCO2eq/kWh 44–112 [48–50]
PV degradation 0.5 %/year 0.5–0.6 [51]
Biogas emissions 50 gCO2eq/kWh 42–122 [52,53]
DH average emissions 112 gCO2eq/kWh 112 [54]
DH marginal emissions 30f gCO2eq/kWh No data Assumption

By-products
Usable heat fraction 80 % 80–92 [16,17,42,55,56]
Aeration energy demand 0.06g kWh/kgO2 0.05–0.6 [20,57–59]

a Referring to the efficiency before stack degradation is considered.
b Economic limit, based on assumed auxiliary energy consumption, see S2.2 in SM.
c Converted to years, assuming 8000 h of operation per year and stack lifetime of 80,000 h.
d Modelled as a cost, see S2.2 in SM.
e Refers to specific consumption per unit produced in the methanation reactor.
f Assuming biomass, value estimated based on rough conversion of electricity-based factor from [49].
g Estimation based on actual plant data.
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gas purity. Hydrogen and CO2 were mixed stoichiometrically.
The thermal model assumed that methanation took place in

isothermal conditions. The exothermic nature of the reaction means that
heat is generated upon conversion and further as water vapour con-
denses due to the low operating temperature and high pressure (Eq. 7)
[10,65]. Depending on the temperature of the input gas, which varied
based on the mixture of biogas and hydrogen, some heat was required
for it to reach operating temperature (Eq. 8).

Q̇loss = ṅin ×
∑N

i

[
xi × cp,i × (Tm − Tin)

]
(8)

where λ is usable heat fraction, ṅCO2 ,conv is molar flow of converted CO2,
ΔHmeth is heat of reaction for the methanation process, xH2O(l) is fraction
of liquid water in the output flow, ΔHcond,H2O is heat of condensation of
water, ṅin is molar flow of input gases, xi is fraction of gas i in the input
gas, cp,i is specific heat capacity of gas i, Tm is methanation temperature,
and Tin is temperature of the input gas.

2.1.5. Compressor
As biogas is typically produced at atmospheric pressure, compression

was required for biogas to reach methanation operating pressure before
injection (Fig. 1). Since the electrolyser and hydrogen storage were both
operating at 30 bar, no additional compression was assumed for
hydrogen. Electricity consumption by the biogas compressor was
calculated as single-stage isentropic compression of ideal gas (Eq. 9).

Pcomp =
κ

κ − 1
×

ṅRT
ηisen × ηmech

×

[(
pout
pin

)
κ− 1

κ − 1
]

(9)

where Pcomp is required compression energy, κ is specific heat ratio
(assumed to be 1.3 for biogas), ṅ is molar flow rate, R is the universal gas
constant, T is inlet temperature, ηisen is isentropic efficiency, ηmech is
mechanical efficiency, and pin and pout are input and output pressure,
respectively.

2.1.6. Biogas production
Although the anaerobic digestion process and its operation was not

included in the analysis, some techno-economic parameters in biogas
production still had an impact on the performance of the PtG system. In
total, the facilities produced a maximum flow of 1200 Nm3/h of biogas
with a methane content of 62–65 %. About 73 % of the biogas was
produced at the co-digestion plant using a thermophilic process, while
the remaining 27 % was produced at the WWTP using a mesophilic
process. Biogas was thus assumed to leave the digesters at 50 ◦C on
average. Potential flaring of non-upgraded biogas due to mismatches in
hydrogen production and CO2 availability was assumed to result in
additional costs and emissions from its production process. These were
represented by the LCOE for biogas and its lifecycle emissions (Tables S1
and 1). Use of biogas and the CO2 it contained was assumed to elicit no
additional costs.

2.2. By-product utilisation within the integrated system

The integrated system enabled utilisation of excess heat and oxygen
from the electrolyser and excess heat from the methanation reactor at
the WWTP. Since the PtG system and the WWTP were 1 km apart, pipes
were assumed to be used to transport both by-products. Heat and oxygen
demand were modelled using a full year of hourly operational data from

a biogas plant and a WWTP situated in Uppsala, Sweden (section S2.1).
By-product utilisation was limited to only the demands of the WWTP, i.
e. production beyond the demand was given no value. No by-product
storage was considered, so demand could only be met by production
during the same hour.

2.2.1. Heat utilisation
The low-temperature nature of the excess heat generated, assumed to

be 50–60 ◦C [17,42], limited its potential applications to usage areas
such as heating of digesters for biogas production and low-temperature
DH systems [5,19]. However, since third-generation DH is currently
used in Uppsala, requiring temperatures of near 100 ◦C, and the co-
digestion plant requires above 70 ◦C for hygienisation and thermo-
philic operation, excess heat from the PtG system was assumed to be
used solely at the WWTP for maintaining operating temperature in two
mesophilic sludge digesters and for auxiliary low-temperature heat de-
mands such as facility heating, avoiding the costs and emissions asso-
ciated with the DH currently used.

To account for heat losses in the thermal models (Eqs. 4 and 7), the
usable heat fraction (λ) was defined as the amount of actual heat possible
to utilise in other applications divided by the theoretical net heat gen-
eration. A value of 80 % was chosen based on literature estimates for
both electrolysis and methanation (Table 1, section S2.3 in SM). It was
also assumed that no usable heat could be extracted from auxiliary
components, i.e. only from the electrolyser stack and the methanation
reactor.

2.2.2. Oxygen utilisation
Oxygen produced via electrolysis could be utilised to replace air for

aeration in the activated sludge process in the WWTP. The higher oxy-
gen content (100 % instead of 21 %) would lead to higher partial
pressure, and consequently higher driving force [57]. This would
theoretically allow for a reduction in gas flow rate and corresponding
aeration energy consumption by a factor of 4.76, without loss in treat-
ment quality [22]. Use of pure oxygen instead of air would also increase
oxygen transfer rate (OTR) by increasing the mass transfer coefficient
and thus further reduce aeration flow rate and associated electricity
demand [57]. Although pure oxygen has been used in wastewater
treatment processes for decades [23], the practice is still rare and the
extent of the OTR increase remains ambiguous. Previous studies on the
topic have theorised that the increase could reach 20 % using conven-
tional equipment [57] or 300 % using aeration systems specifically
made for pure oxygen [28]. However, such improvements are yet to be
demonstrated in large-scale settings and may be offset by an increased
need for mixing [22,57]. In this study, aeration energy savings were
initially attributed solely to the reduced flow rate, i.e. a reduction factor
of 4.76, and additional effects were neglected. The aeration energy
requirement was estimated at 0.06 kWh/kgO2 using operational data
(Table 1), which was in the lower range of literature values since con-
sumption data were only available for the most recently constructed part
of the plant, finalised in the 2010s.

Based on conversations with the WWTP operator and literature
[29,58], pure oxygen was assumed to be supplied through a separate,
parallel aeration system. The pure oxygen system could be used to
completely or partly meet the oxygen demand and reduce aeration en-
ergy consumption proportionally to the replaced air [22,23]. No oxygen
compression was deemed necessary, since the electrolyser can deliver
oxygen at the required pressure level, and oxygen purity of 100 % was
assumed [28,29]. The same electricity price was assumed for aeration at

Usable methanation heat = λ ×
{
ṅCO2 ,conv ×

[
ΔHmeth +

(
2× xH2O(l) × ΔHcond,H2O

) ]
− Q̇loss

}
(7)
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the WWTP as for hydrogen production, i.e. hourly spot prices.

2.3. Techno-economic assessment

To analyse the characteristics of the integrated PtG system, techno-
economic and environmental assessment methods were used and key
performance indicators (KPIs) defined. Due to high inflation rates, sig-
nificant cost increases have been seen in recent years, in particular for
electrolysers, which have also seen material and labour cost increases
[66]. Because of this, all economic parameters were converted to €2023
based on the reference year of the data, or the year before publication
year if no reference year was provided. A detailed overview of the
economic parameter values can be found in Table S1. Moreover, all ef-
ficiency and energy values were defined based on the HHV [17].

Economic performance was primarily evaluated using levelised cost
of power-to-gas (LCOPtG), an extension of LCOE also incorporating the
avoided costs from by-product utilisation, as previously done in [67],
signifying the potential gas value at which system expenses and reve-
nues are equal (Eq. 10). We also included the cost of flared biogas within
the LCOPtG, defined using LCOE for biogas, to penalise the additional
gas flaring caused by PtG systems smaller than the maximum biogas
flow. This indicator considered only the costs associated with the PtG
system and the synthetic methane it produces, and not the overall cost of
methane production from the facility. To evaluate the overall methane
production cost, and simplify comparison with other systems, the lev-
elised cost of methane (LCOM; Eq. 11) was introduced. LCOM is a
further expansion of LCOPtG, where the total biomethane produced
through anaerobic digestion and its costs are included. Hereafter, syn-
thetic methane refers to methane produced by the PtG system, while
biomethane refers to the methane already present in the biogas. Eco-
nomic performance was also evaluated using the net present value (NPV;
Eq. 12), representing the current value of all cash flows, including dis-
counted future costs and income. A positive value indicates a profitable
investment and a negative value an unprofitable investment.

LCOPtG=

CAPEX+
∑LT

y=1

[
OPEX+

(
LCOEbg×Ebg,flared

)
− Ibp

(1+r)y
]

+
∑n

i

[
ReInvi
(1+r)yi

]

∑LT
y=1

[
ECH4 ,PtG

(1+r)y
]

(10)

LCOM=

CAPEX+
∑LT

y=1

[
OPEX+

(
LCOEbg×Ebg,tot

)
− Ibp

(1+ r)y
]

+
∑n

i

[
ReInvi
(1+ r)yi

]

∑LT
y=1

[
ECH4 ,tot

(1+ r)y
]

(11)

NPV =
∑LT

y=1

I − OPEX
(1+ r)y

− CAPEX (12)

where CAPEX is capital expenditure of the system, OPEX is annual

operating expenditure consisting of a fixed and variable part (electricity
and water costs), ECH4 ,PtG and ECH4 ,tot are annual methane production by
the PtG and total methane production, respectively, Ebg,flared and Ebg,tot
are annual biogas flaring and total biogas production, respectively,
LCOEbg is levelised cost of energy for biogas, I is income or avoided cost
from by-product utilisation, y is year, ReInvi represents reinvestments
taking place in specific years during project lifetime such as electrolyser
stack replacements, yi is year of reinvestment i, n is number of re-
investments during the project lifetime, LT is system lifetime, and r is
discount rate. The variable OPEX constituted electricity, water, standby
and start-up costs.

The specific CAPEX of some of the main components included in the
PtG system have been demonstrated to undergo scaling effects, i.e.
decrease with increasing nominal capacity. To account for the varying
component sizes investigated in this study and their impact on economic
performance, these scaling effects were described using the relationship
defined in Eq. 13 [67].

Cb = Ca ×

(
Sb
Sa

)f
(13)

where Sa is reference scale, Sb is desired scale, Ca is reference cost, Cb is
cost at the desired scale, and f is scaling factor. All assumed reference
values and scaling factors can be found in Table 2. See section S2.4 in SM
for a detailed account of the literature and cost estimation methodology.

Technical aspects such as system efficiency and by-product uti-
lisation fractions were defined to describe system operation and per-
formance. System efficiency was indicated by net energy efficiency
(ηnet), defined as energy content of the output gas and energy avoided
from by-product utilisation, divided by total input electricity (Eq. 14).

ηnet =
ECH4 ,PtG + Eheating + Eaeration

EPEM + Emeth + Ecomp
(14)

where EPEM, Emeth and Ecomp are electricity consumption in electrolysis,
methanation and compression, respectively, and Eheating and Eaeration are
avoided energy consumption from heat and oxygen utilisation, respec-
tively.

By-product utilisation was investigated from both production and
demand perspectives. From a production perspective, heat and oxygen
utilisation factors were defined (UFheat and UFO2 ) according to Eq. 15.
From a demand perspective, demand fulfilment (DFheat and DFO2 ) was
instead defined by Eq. 16.

UF =
Utilised amount

Annual production
(15)

DF =
Utilised amount
Annual demand

(16)

In addition, the climate impact was quantified using net specific
emissions (NSE), which included avoided emissions from by-product
utilisation and emissions from flared biogas (Eq. 17). These were

Table 2
Scaling factors and reference values used for capital expenditure (CAPEX) determination.

Component Reference costa Reference scale Scaling factor References

PEM electrolyser 1500b €/kWel 5 MWel 0.75 [33,39], [67–69]
Biological methanation 900 €/kWCH4 5 MWCH4 0.65 [18,39,42,67]
Compressor 30,000 €/kWel 1 kWel 0.48 [45]
Hydrogen storage 500 €/kgH2 – 1 [11,21,38,70]
Oxygen piping 540 €/m – 1 [17,71]
Pure oxygen aerator 70 €/kWelectrolyser 1.25 MWel 0.6 [29,67]
Heat piping 230 €/m – 1 [17]
Heat extraction 260 €/kWth

c 400 kWth 0.3 [17]

a Refers to non-installed cost, converted to €2023.
b Assuming a value in the higher range of literature values to further account for recent cost increases.
c Refers to usable heat generation from both electrolyser and methanation.
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defined using both average and marginal emission data for electricity
and DH. Only operational emissions were considered, i.e. emissions
from manufacturing and emission reductions from fossil fuel replace-
ment were disregarded.

where Pg,t is grid electricity use at hour t, Pw,t is wind electricity use at
hour t, Ppv,t is solar PV electricity use at hour t, Pdh,t is replaced DH at
hour t, Pa,t is replaced aeration energy at hour t, εg,t is grid EF at hour t, εw
is wind EF, εpv is solar PV EF, εdh,t is DH EF at hour t, εbg is biogas EF, and
N is number of hours in a year.

2.4. Operating strategy

Electrolyser dispatch was determined using an operating strategy
based on mixed-integer linear programming (MILP), which has previ-
ously been adopted for electrolyser dispatch problems [63,72]. We
defined a three-state model in which the electrolyser could be in on, off
or standby mode based on the model proposed in [63]. While the ad-
vantages of a three-state model may be reduced by the quick start-up
capabilities of PEM electrolysis, addition of a heat-up period increases
the format's usefulness when addressing high-resolution heat utilisation.
Limited foresight of 24 h was applied to more closely represent actual
system operation using intermittent RES and hourly spot prices [73,74],
meaning that operation was optimised on a daily basis. However, perfect
foresight for RES generation, spot prices and biogas and WWTP opera-
tion was assumed within the 24-h period, which may lead to a slight
underestimation of the overall operational costs as shown in [74].

The objective function aimed to minimise operational costs over an
upcoming 24-h period considering the cost of electricity, standby and
start-up costs, and avoided costs from by-product use. The latter
meaning avoided electricity and heat purchases due to reduced energy
consumption at theWWTP. Electrolyser operation was constrained by its
load range, storage capacity and an hourly hydrogen demand, based on
CO2 availability. Hydrogen production was determined via the piece-
wise linearised efficiency curve described in section 2.1.2, meaning that
part-load efficiency variations were included. Electricity could be ac-
quired on the day-ahead spot market or directly from RES generation.
RES generation was assumed to entail no cost within the operating
strategy, to prioritise its use. Using hourly profiles for grid electricity
price, RES generation and heat and oxygen demand, and seasonal DH
prices, the cost-optimal electrolyser dispatch was determined. Excess
hydrogen production could be stored and used to fulfil demand at a later
time. End-of-day values for electrolyser and storage states were used as
constraints for optimisation of the following day. Since methanation and
biogas compression operated solely based on CO2 availability and were
assumed to be fully flexible, they were not included in the operating
strategy. A detailed formulation of the operating strategy can be found
in section S4 in SM.

2.5. Configuration optimisation methodology

Component sizes and electricity supply were optimised in parallel
with system operation to obtain the minimum production cost. PtG

system components (electrolyser, hydrogen storage and methanation
reactor) were sized in relation to CO2 availability, with the objective of
minimising LCOPtG. The inclusion of biogas flaring costs in the LCOPtG
indicator meant that the trade-off between lower CAPEX and increased
flaring that occurs for smaller PtG systems was considered in the opti-
misation. A rather narrow solution space was defined through manual
investigation, to reduce computational costs (Table 3). The methanation
reactor capacity range was set by the peak biogas production (5
MWCH4), potentially reducing biogas flaring to zero, and the smallest
electrolyser capacity (3.5 MWCH4), reducing CAPEX while necessitating
some flaring. The biogas compressor was sized in relation to the
methanation reactor and was thus not optimised. During the optimisa-
tion runs, the lifetime degradation of the electrolyser and solar PV was
averaged into single-year values, again to shorten runtime.

Previous studies have concluded that oversizing directly coupled RES
can provide economic and environmental benefits for PtG systems
[46,75,76]. These effects could be enhanced if wind and solar PV were
deployed in conjunction, i.e. hybridisation, due to their complementary
generation profiles in the region [77,78]. To obtain the overall cost-
minimising configuration for varying electricity supply mixes, configu-
ration optimisation was conducted for different RES oversizing factors
and different mixes of wind and PV generation (Table 3). As described in
section 2.1.1, a cost for excess RES generation was included. If several
facilities in the local energy system operate using significantly oversized
RES generation, the electricity price during hours of peak generation
may decrease and consequently lower the value of selling excess elec-
tricity to the grid. Thus, this cost ensures the trade-off between high RES
use and local energy system balance is considered and may be seen as a
conservative estimation of RES generation costs.

3. Results and discussion

3.1. Optimisation results

The PtG component and electricity supply optimisation resulted in a

Table 3
Nominal capacity ranges and step sizes investigated for all optimisation
parameters.

Plant parameter Capacity range Step size Unit

Electrolyser 6–12 0.5 MWel

Methanation reactor 3.5–5 0.5 MWCH4

Hydrogen storage 0–1000 100 kgH2

Oversizing factor 0–3 0.5 RES to electrolyser
PV fraction 0–100 25 % of RES

Table 4
Component sizing of the cost-optimal configuration.

Plant parameter Optimised value Unit

Electrolyser 8.5 MWel

Methanation reactor 5 MWCH4

Hydrogen storage 300 kgH2

Oversizing factor 2.5 RES to electrolyser
PV fraction 50 % of RES

Table 5
Key performance indicator (KPI) performance of the cost-optimal configuration.

KPI Value Unit

LCOPtG 194.6 €/MWhCH4
LCOM 112.9 €/MWhCH4
ηnet 59.7 %HHV

Average NSE 37.2 gCO2eq/kWhCH4
Marginal NSE 635.2 gCO2eq/kWhCH4

Net specific emissions =
∑N

t=1
{[(

Pg,t − Pa,t
)
× εg,t

]
+
(
Pw,t × εw

)
+
(
Ppv,t × εpv

)
−
(
Pdh,t × εdh

) }
+
(
ECH4 ,flared × εbg

)

ECH4 ,PtG
(17)
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single configuration (Table 4) achieving minimum LCOPtG of 194.6
€/MWhCH4 (3 €/kgCH4) (Table 5). This system reduced biogas flaring to
nearly 0 %, resulting in 95.8 GWh of total methane production, of which
35.4 GWh (37 %) was synthetic methane originating from the PtG sys-
tem. Minimum LCOM, i.e. overall methane production cost including
biomethane, of 112.9 €/MWhCH4 was produced by the same configu-
ration, since minimising LCOPtG also minimised LCOM due to the
constant biogas production in all configurations. This represented a 74
% increase from the assumed LCOE for biogas of 65 €/MWh. The impact
of raw biogas cost on LCOM is shown in Fig. S1 in SM. Net energy ef-
ficiency of 59.7 %HHV (53.7 %LHV) was achieved, representing conver-
sion of electricity into methane as well as energy savings at the WWTP
from by-product use, which increased to 78.7 %HHV (70.9 %LHV) when
the whole biogas upgrading system was considered (including

biomethane). Without considering excess RES costs, LCOPtG and LCOM
were reduced to 191.3 and 111.7 €/MWhCH4, respectively.

The main cost component of the PtG system was electricity, followed
by the electrolyser and methanation units (Fig. 2). In the optimised case,
most of the electricity (96 %) was used in the electrolysis process,
meaning that hydrogen production was indirectly responsible for almost
80 % of total LCOPtG. The remaining electricity consumption was
shared evenly between methanation and compression (2 % each)
(Fig. S2 in SM), in line with literature values for biological methanation
(2–2.5 %) [5].

The LCOPtG value was at the higher end of previous estimates for
methane production through PtG, due to CAPEX increases, inflation and
high electricity prices in recent years [11,26]. As these parameters are
highly variable depending on year and location, their influence was

S
ha

re
 o

f 
LC

O
Pt

G
 [

%
]

Electrolyser capacity [MWel]
Note: "Hydrogen production" includes electrolyser, stack replacement, storage and water costs. "Methane production"

includes methanation reactor and compression costs. "Electricity cost" includes grid, wind and PV costs.

Fig. 2. Cost-breakdown for varying electrolyser capacities assuming a 5 MWCH4 methanation reactor, 300 kgH2 storage and a renewable energy source (RES)
oversizing factor of 2.5 with 50 % photovoltaics (PV). The dashed line indicates optimised electrolyser capacity.

Fig. 3. Impact of electrolyser and methanation capacity on (a) levelised cost of power-to-gas (LCOPtG) and (b) flared biogas for a system with a 300 kgH2 storage,
using a renewable energy source (RES) oversizing factor of 2.5 and 50 % photovoltaics (PV). The red dot indicates minimum LCOPtG. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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further investigated (section 3.4). Compared with the current state-of-
the-art biogas upgrading technology, amine scrubbing, LCOM was 54
% higher using PtG, assuming CAPEX of 2300 €/(Nm3/h) for amine
scrubbing (73.2 €/MWh; section S2.4 in SM). This is in line with the
32–88 % increase demonstrated for direct methanation of biogas
compared to amine scrubbing by Vo et al. [9] for electricity prices be-
tween 50 and 100 €/MWh. However, the increase in methane produc-
tion meant that PtG yielded higher NPV for biomethane prices above
180 €/MWhCH4 (2.8 €/kgCH4; Fig. S3 in SM).

The climate impact of the methane produced was greatly affected by
the type of grid EF used, because grid electricity comprised 39 % of the
electricity supply to the optimised configuration (section 3.1.2). The
local electricity mix provided low-carbon electricity sourced primarily
from hydro, nuclear and wind power, as net specific emissions of 37.2
gCO2/kWhCH4 were achieved using solely the 2021 average grid-mix.
This corresponded to a 79 % decrease compared with fossil methane
with a carbon content of 178 gCO2/kWhCH4 (HHV), exceeding the 70 %
reduction target set by the EU [79]. Assuming that the additional gas
produced by the PtG system is used to replace fossil methane, annual
emission savings of nearly 5000 tCO2 would be achieved using the
average net specific emissions of the optimised configuration. This
corresponds to a carbon abatement cost of 1378 €/tCO2, which is
considerably higher than the current EU ETS prices of 50–100 €/tCO2
[80], but in line with previous estimates for synthetic fuels [81].
Conversely, emissions were significantly higher when considering the
short-run system-wide marginal implications within the interconnected
northern European power system, as net specific emissions of 635.2
gCO2/kWhCH4 were achieved using 2021 marginal EFs. This can be
attributed to the predominantly fossil composition of marginal genera-
tion, and highlights the importance of using low-carbon electricity to
ensure definite climate benefits of PtG systems. However, marginal
emissions may be reduced in the long run as flexible demand such as PtG
may increase the share of intermittent RES in the electricity mix, and the
net specific marginal emissions may thus be a conservative value.
Readers are referred to previous work by the authors [46] for a more
detailed analysis regarding the implications of the short-run marginal
EFs used in this study.

Moreover, note that this analysis only includes operational emissions
from the PtG plant, which, although typically representing the majority
of emissions from PtG systems [4], means that the climate impact would
likely increase if a life cycle perspective was used. The impact of

methane leakage can also be significant for the overall climate impact
[4]. Although this was included in the assumed biogas emissions, the
leakage rate varies between sites and additional leakage could occur
within the PtG system to further increase emissions. Previous studies on
life cycle assessment of PtG systems provide emissions between 18 and
90 gCO2/kWhCH4 using renewable electricity and 406–828 gCO2/
kWhCH4 using grid mixes consisting of both renewable and fossil gen-
eration [82,83], in line with the estimations from average and marginal
perspectives respectively in this study.

3.1.1. Impact of power-to-gas component sizing on performance
Configuring the power-to-gas system to minimise biogas flaring

without excessively oversizing the electrolyser, reducing investment and
potentially excess RES costs, appeared to be crucial in achieving low
production costs. Fig. 3 demonstrates how LCOPtG was minimised using
the smallest electrolyser and methanation capacities capable of reducing
biogas flaring to near 0 %. Addition of hydrogen storage enabled
decoupling of electrolysis and methanation, which allowed for more
electrolyser operation during hours of low spot prices or RES generation
and consequently reduced LCOPtG (Fig. 4). However, due to limited
oversizing of the electrolyser and fairly constant hydrogen demand,
relatively short-term storage was able to minimise production costs, as
300 kgH2 corresponds to approximately 2 h of full load operation for an
8.5 MWel electrolyser. Overall, component optimisation revealed that a
rather large number of configurations were able to produce LCOPtG
values close to the minimum value, so the optimal configuration may
perhaps be described more appropriately as a range of component
values, as concluded in previous studies [11]. For example, LCOPtG was
within 2 % of the minimum for 76 configurations with component size
between 7.5 and 9.5 MWel (electrolysis), 4.5–5 MWCH4 (methanation)
and 100–1000 kgH2 (storage).

Net energy efficiency was mainly influenced by part-load operation
possibilities and was thus maximised using large electrolysers (Fig. S4 in
SM). Hydrogen storage, on the other hand, had a negative effect on
system efficiency, since it enabled more overproduction at high loads
balanced by complete shutdowns. Limited heat demand at the site
(further explored in later sections) meant that net energy efficiency was
maximised for small methanation reactors in combination with large
electrolysers, which reduced non-utilised heat generation while still
enabling part-load operation. However, any economic benefits of effi-
ciency improvements based on these factors were counteracted by

Fig. 4. Impact of electrolyser and hydrogen storage capacity on (a) levelised cost of power-to-gas (LCOPtG) and (b) flared biogas for a system with a 5 MWCH4
methanation reactor, using a renewable energy source (RES) oversizing factor of 2.5 and 50 % photovoltaics (PV). The red dot indicates minimum LCOPtG. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increased investment and flaring costs.
Similarly, more significant oversizing of the electrolyser, and thus

RES generation, compared with the methanation reactor caused an in-
crease in the fraction of directly coupled renewable electricity used in
the process. This reduced marginal net specific emissions further (to a
minimum of 336 gCO2eq/kWhCH4 using the optimised electricity sup-
ply; Fig. S5 in SM), but came at significant economic cost (254
€/MWhCH4) due to increased biogas flaring, electrolyser investment
costs and excess RES generation. The impact based on average EFs was
limited due to the low-carbon characteristics of the grid (Fig. S6 in SM).

3.1.2. Electricity supply analysis
Due to the lower costs assumed for RES generation compared with

grid electricity, achieving high RES share through oversizing was found
to have a positive impact on LCOPtG (Fig. 5a). Moreover, the comple-
mentary generation profiles of wind and solar meant that hybridisation
enabled higher RES shares in the supply mix while avoiding significant
excess generation. When the cost of excess renewable electricity was
also included, and thus minimised, the lowest production costs were
achieved bymaximising the share of renewable electricity while keeping
excess RES below 15 % (Fig. 5a). Consequently, the cost-optimal
configuration was obtained using an oversizing factor of 2.5 with 50
% wind and 50 % solar PV (10.625 MW each for an 8.5 MWel electro-
lyser). However, the factor and ratio values depended on the specific
generation profiles and cost assumptions used, and previous studies
suggest that the optimal PV fraction in the region may be closer to 25 %
[77]. The realisable potential of on-site PV also depends on spatial
limitations at the location. When excess RES costs were not included,
LCOPtG was reduced by 1.7 % for the optimised configuration, but the
minimum value (181.1 €/MWhCH4; Table S3 in SM) was instead ach-
ieved using the largest possible oversizing. The impact of electricity
supply and excess cost on system configuration is further analysed in

section S3.1 in SM.
Due to the mismatch between RES generation and biogas production,

the inclusion of hydrogen storage could enable higher RES fractions.
This was true especially for systems with a high PV fraction, where the
daily variations were more distinct (Table S3). However, significant
oversizing of wind power reduced the number of periods with low RES
generation and thus the need for large storage capacities. Furthermore,
the impact of storage on the RES fraction was limited as the possibility of
grid utilisation provided an alternative means of fulfilling the hydrogen
demand from biogas upgrading without resorting to excessive RES and
hydrogen storage oversizing. In the optimised case, hydrogen storage
enabled only a 3 %-unit increase in RES fraction.

As discussed in section 3.1, grid utilisation entailed large emissions
from a short-run marginal perspective (Fig. 5b), and also meant that not
all methane produced complied with the principles of production of
renewable fuels of non-biological origin (RFNBOs) recently defined by
the EU, i.e. temporal and spatial correlation with newly constructed RES
generation [79]. Achieving full grid independence required either sig-
nificant RES oversizing or increasing electrolyser and energy storage
capacities, which were both accompanied by higher production costs
when excess RES costs were included. However, grid operation may be
possible within the RFNBO framework if the local electricity system
already contains more than 90 % renewables, as is the case for northern
Sweden, and could provide additional benefits to the system. The flex-
ibility of PtG systems means that they can provide auxiliary services to
the local electricity grid, such as frequency regulation. This could be a
significant source of income and lead to non-negligible reductions in
production cost for grid-operated systems [18,30]. Furthermore, a grid-
connected system may avoid curtailment of excess RES generation
through grid sales and consequently lower the excess costs and LCOPtG.
Exporting electricity to the grid could also lead to avoided grid emissions
and reduce the climate impact of the system.

Fig. 5. Impact of renewable energy source (RES) oversizing (x-axis) and hybridisation (colour) on (a) minimum levelised cost of power-to-gas (LCOPtG) (bars; left)
and excess RES generation (markers; right) and (b) electricity mix (bars; left) and net specific emissions (markers; right).
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PtG Oxygen

Fig. 6. Relative impact of by-product utilisation in the optimised system on (a) levelised cost of power-to-gas (LCOPtG), (b) net energy efficiency and net specific
emissions (NSE) from (c) average and (d) marginal perspectives.

Fig. 7. One-week sample of (a) electrolyser and hydrogen storage operation, (b) electricity supply and hourly spot price and (c) by-product generation and demand.
Days are separated using grey and white background. Note that the heat demand only includes what could not be met by the methanation reactor.
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3.2. Impact of by-product utilisation

Our analysis highlighted both the benefits and challenges of a locally
integrated PtG system. Using data from the co-digestion plant and
WWTP in Uppsala, Sweden, by-product utilisation improved overall
techno-economic performance by increasing net system efficiency and
providing both economic and environmental benefits. In the optimised
configuration, an efficiency increase of 7.4 %-units was seen when by-
product utilisation was considered, while LCOPtG and average and
marginal net specific emissions were reduced by 1.0, 28.3 and 2.2 %,
respectively (Fig. 6). However, on considering the impacts of heat and
oxygen separately, the main contribution came from heat utilisation,
through which 4544 MWh (41 % of total WWTP energy consumption)
were avoided, whereas the use of oxygen only led to minor efficiency
and emission improvements and increased overall production costs,
with 434 MWh (21 % of aeration electricity; 4 % of total energy) avoi-
ded. The exception was emissions from a marginal perspective, where
the assumption of biofuels on the margin within the DH network less-
ened the impact of heat utilisation and the observed reduction instead
originated in avoided marginal electricity from oxygen use.

Although its impact was larger than that of oxygen, heat utilisation
within the integrated system was constrained by the heat demand of the
WWTP. All configurations studied achieved heat demand fulfilment
(DFheat) of around 99.9 %, i.e. fulfilled nearly all heat demand, and a
heat utilisation factor (UFheat) of only 25.2 % was required using the
optimised configuration, meaning the only a quarter of the heat pro-
duced was utilised. However, because of temporal mismatches between
heat generation and demand, 0.1 % of the demand was not fulfilled and
instead relied on DH. For smaller systems, the heat generation was
smaller, leading to higher heat utilisation factor and consequently sys-
tem efficiency, and vice versa. Since the higher heat utilisation system
investment cost induced by a larger system was not balanced by higher
avoided costs, the limited heat demand counteracted the scaling effects
for heat integration, and consequently reduced NPVheat and the poten-
tial LCOPtG decrease for larger systems (Fig. S7 in SM). This could be
managed by sizing the heat integration components after demand

instead of production, but positive NPVheat was nonetheless achieved in
all system configurations (1382 k€ in the optimised case). The limited
heat demand also meant that the net energy efficiency decrease from
electrolyser degradation was not mitigated by increased heat utilisation
(Fig. S8 in SM). Overall, similar amounts of heat were produced from
electrolysis (57 %) and methanation (43 %).

Unlike heat, the limited benefit of oxygen utilisation was not caused
by demand limitations, as virtually 100 % of the oxygen produced was
utilised in all configurations (UFO2 > 99.99 %) to fulfil approximately a
quarter of the oxygen demand (maximum DFO2 was 26.1 %). Instead, a
relatively low energy consumption of the aeration process at the
investigated WWTP compared to typically assumed values (Table 1),
together with the inclusion of investment costs for both aeration
equipment and piping, caused negative NPVO2 values in all configura-
tions (− 650 k€ in the optimised case) (Fig. S9 in SM). Although other
studies [21,29] have similarly found small energy savings from elec-
trolytic oxygen use at WWTPs, economic benefits were achieved in [29]
despite the inclusion of oxygen equipment costs due to on-site use of
oxygen, meaning that no piping for transportation was required and thus
lower CAPEX. The impact of piping distance and aeration energy con-
sumption on oxygen integration performance is further investigated in
section 3.4. Furthermore, the impact of oxygen system scaling was
limited due to the limited hydrogen demand, which prevented further
oxygen production for larger systems. The minor emission reduction
seen from oxygen utilisation also means that this reduction is particu-
larly sensitive to non-operational emissions occurring during e.g. the
construction phase of piping, which could counteract the operational
emission reduction observed here.

3.3. System operation

The operating strategy described in section 2.4 enabled cost-optimal
operation of the PtG system on a daily basis. Hydrogen storage permitted
the electrolyser to overproduce during hours of low spot prices or RES
generation, and to produce below demand or completely shut down
when prices were high and no renewable electricity was available. The

Fig. 8. Results of sensitivity analysis for (a) general parameters, (b) electricity price and (c) heat and oxygen integration capital expenditure (CAPEX).
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cost-reducing effects of part load operation were reinforced by the
associated increase in electrolyser efficiency. The continuous demand
for hydrogen for biogas upgrading meant that electrolyser operation was
fairly constant (Fig. 7a). In the optimised configuration, the electrolyser
was in off or standby mode for only 0.1 % of the year, while full- and
part-load operation were used for 35.2 and 64.7 % of the year, respec-
tively. This trend was strengthened by the minor electrolyser oversizing
and hydrogen storage determined through the optimisation, limiting the
potential for intermittent operation, but electricity supply also had an
impact as inclusion of wind power in particular encouraged continuous
operation of the electrolyser (Fig. 7b). When instead driven using only
grid electricity, the electrolyser was typically operated at maximum
capacity during night and mid-day, when prices were low, while lower
loads or complete shutdown were encouraged during mornings and
evenings (Fig. S10 in SM). Similarly, systems including more PV natu-
rally operated at high loads at midday, when PV generation reached its
peak (Fig. S11 in SM). Moreover, intra-day optimisation typically
resulted in the storage being emptied at the end of each day, unless there
was a possibility of surplus RES generation (e.g. at the end of day 2 in
Fig. 7a).

Avoided costs from by-product utilisation had little impact on actual
system operation. All other things being equal, electrolyser operation
would be favoured during hours when oxygen or heat could be utilised
at the WWTP. However, the high aeration demand meant that hours of
oxygen deficit were scarce (Fig. 7c), while the low income from oxygen
utilisation further reduced the conditions during which load shifting on
account of oxygen utilisation was actually feasible. In total, inclusion of
oxygen in the MILP formulation increased DFO2 by 0.1 % compared with
excluding it for the cost-optimal case configuration. Heat utilisation
provided more income and was subject to a larger, albeit still small,
supply and demand mismatch. However, heat from methanation, which
followed CO2 availability and was thus independent of the electrolyser
dispatch, significantly reduced the heat demand actually possible to
influence through the operating strategy (Fig. 7c). Inclusion of heat
utilisation in the MILP formulation increased DFheat by a mere 0.03 %.
However, the impact of by-product generation on system operation
could be larger in a system with smaller supply and demand mismatch
and more operational freedom, e.g. less RES generation and a more
flexible hydrogen demand, which otherwise predominantly dictated
how the system operated.

3.4. Sensitivity analysis

Sensitivity analysis was conducted to investigate the impact of
parameter uncertainties on the performance of the cost-optimal system.
Electricity price was most influential on LCOPtG, followed by electro-
lyser CAPEX (Fig. 8a). After recent increases, electrolyser costs are ex-
pected to decrease in the near future as production scales up [31,66],
providing significant potential for cost reduction. A CAPEX reduction to
750 €/kWel installed, in line with IEA predictions for 2030 [66], corre-
sponded to a 43 % electrolyser CAPEX decrease in the optimal system
configuration and lowered LCOPtG for the system to 170.9 €/MWhCH4.
However, lower CAPEX also influenced the cost-optimal configuration
itself and brought economic viability to further oversizing of the PtG
system, at least when excess RES costs were not considered (section S3.1
in SM).

Fig. 8b further highlights the significance of electricity price for total
LCOPtG and the variation in recent years. The study year (2021) expe-
rienced unusually high grid electricity prices compared with previous
years. Although future price developments are uncertain, a return to the
more typical price levels of 2018 and 2019 would reduce LCOPtG to
around 170–180 €/MWhCH4. Conversely, the unusually low prices of
2020 indicate the potential cost reduction if low-cost electricity were
available on a large scale. The price paid for electricity per unit
hydrogen is also directly influenced by electrolyser efficiency. An in-
crease in initial system efficiency from 75 %HHV to 80 %HHV reduced the

total cost electricity per unit methane by 7 %, and thus reduced LCOPtG
to 186.7 €/MWhCH4. Lower grid prices also influenced the cost-optimal
P2G configuration and the cost reduction achievable using wind and
solar, potentially requiring less RES oversizing to reach minimum
LCOPtG (section S3.1 in SM).

The robustness of heat integration was evident, as NPVheat remained
positive until investment costs approached 10 % PtG CAPEX, nearly a
fourfold increase from the study value (Fig. 8c). The low avoided costs
together with the high investment costs of oxygen utilisation initially led
to negative NPVO2. Positive NPVO2 was achieved only when investment
costs were below 2 % of PtG CAPEX, corresponding to more than a 60 %
reduction. By-product NPV was influenced by the piping distance,
assumed to be 1 km for the study case. This was particularly significant
for oxygen utilisation, for which positive NPV could possibly be ach-
ieved for on-site use (Fig. S12 in SM). This is in line with results from
[17], where a significant impact of piping distance for heat integration
was found.

3.4.1. Exploration of heat utilisation potential
The performance enhancement from heat utilisation would be more

significant if a larger share of the excess heat produced could be used, i.
e. with greater heat demand. Considering the local case, several addi-
tional use cases for excess low-temperature heat can be found. First,
anaerobic digestion at the WWTP could be changed from mesophilic to
thermophilic, which would potentially double the heat demand for
anaerobic digestion [84]. Biogas production could also increase and
consequently the CO2 supply, which would allow for further operation
of the PtG system and additional cost reductions. Second, by switching
from pasteurisation to integrated thermophilic sanitisation, the tem-
perature level for heat utilisation in the anaerobic digester at the co-
digestion plant could be reduced from 70 to 52 ◦C, enabling this to act
as another potential PtG heat sink [5,85]. The additional heat demand
from these two processes was estimated (section S3.2 in SM) and the
potential effects can be seen in Fig. 9.

Increased utilisation of excess heat could improve the net system
efficiency to a theoretical maximum of 79.6 %HHV, or 86.2 %HHV if all
heat is assumed to be usable (i.e. usable heat fraction of 1). This is in line
with results in a recent pilot study, where the overall efficiency of a PtG
plant based on biological methanation reached 76 %HHV, which could
potentially be increased to 89 %HHV [42]. In addition, LCOPtG could
decrease to 181.1 €/MWhCH4, while net specific emissions could reach
negative values using average EFs (− 5.5 gCO2/kWhCH4), indicating that

Fig. 9. Impact of heat demand on levelised cost of power-to-gas (LCOPtG) and
net energy efficiency, including estimated demands for the co-digestion plant
and thermophilic digestion at the wastewater treatment plant (WWTP).
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the emission reduction from avoided DH use exceeded that from elec-
tricity consumption, and could decrease to 623.8 gCO2/kWhCH4 using
marginal factors. Full heat utilisation would be possible if e.g. the supply
temperature of DH decreased at the location or if pre-heating of DH
return water was conducted [16]. Solutions to increase the temperature
of the waste heat and enable a wider range of utilisation options have
been proposed. Heat pumps could be used to elevate the temperature of
the excess heat to 100 ◦C or beyond [17,55]. Switching from biological
to catalytic methanation, which has operating temperature in the range
200–550 ◦C, could also improve heat usability, although sensitivity to
common biogas impurities potentially limits its use for direct metha-
nation [15]. Higher temperature levels would enable injection into a
conventional DH network [19], or heat utilisation for CO2 capture to
increase the available carbon supply [86].

Although only a minor mismatch between heat generation and de-
mand was seen using the WWTP heat demand (0.1 %), this mismatch is
likely to grow if further heat sinks are found, depending on the temporal
characteristics of the additional demand. Including heat storage could
be an option for ensuring complete DH independence.

3.4.2. Exploration of oxygen utilisation potential
The results from the Uppsala case suggest that oxygen integration at

WWTPs may not provide economic benefits. However, since utilisation
of oxygen from PtG in wastewater treatment is still a relatively unex-
plored topic, parameter values related to this are associated with sig-
nificant uncertainty and the values assumed in this study may be
conservative. Analysis of aeration energy requirement showed that ox-
ygen integration could be economically viable in the right conditions
(Fig. 10a). If the use of pure oxygen leads to substantial OTR improve-
ments, the entire WWTP oxygen demand could potentially be met by the
optimised PtG system (Fig. 10b).

Positive NPVO2 was reached at aeration energy consumption above
0.17 kWh/kgO2, which is within the typical range for Swedish WWTPs
[20]. This energy consumption corresponds to an oxygen value of
roughly 10 €/tO2, just above 10 % of the average market price for ox-
ygen in Sweden (90 €/tO2). Hence, additional benefits may be possible
through external oxygen sales if transport costs can be managed and
current market prices are sustained [20]. Our values were obtained
using 2021 spot prices for electricity for aeration at the WWTP. If a flat
rate were used instead, NPVO2 could reach zero at an electricity price of
215 €/MWhel. Higher aeration energy consumption gave further effi-
ciency improvements, and consequently emission avoidance, but had
limited impact on system operation due to the already high oxygen

utilisation factor.
Under the assumption that oxygen demand did not change when

using pure oxygen, i.e. that no additional OTR improvement was
possible, the WWTP essentially acted as an infinite oxygen sink. How-
ever, as described in section 2.2.2, use of pure oxygen instead of air
could increase OTR and thus reduce actual oxygen demand. A 300 %
increase in OTR, as proposed in [28], would lead to DFO2 of 89.8 % and a
UFO2 of 86.5 %, implying a temproal mismatch in oxygen supply and
demand, and increase NPVO2 to 192 k€. The UFO2 value could be further
increased through oxygen-based operation or storage and completely
fulfil WWTP demand. Alternatively, a larger electrolyser could be
installed. If the aeration demand could be fully met using pure oxygen,
several additional advantages could be obtained at the WWTP, such as
shorter hydraulic retention times and reduced foaming, odour and
methane emissions [57]. However, the high investment cost and low
energy savings, at least using the base assumptions, suggest that oxygen
utilisation in WWTPs should not be the main consideration when sizing
integrated PtG systems.

Another option to increase the economic potential of oxygen uti-
lisation in wastewater treatment is ozone production for micropollutant
removal [22]. If ozone treatment is already present at the facility, a
switch from an air-based system to one using pure oxygen could lead to
energy savings of approximately 6 kWh/kgO3, or 0.7 kWh/kgO2 [87].
Although the expected demand would correspond to only 12–19 % of
annual oxygen production from the optimised PtG system [20], the
economic case might still be improved due to the higher energy savings
compared with aeration. Assuming that 15 % of the oxygen was used for
ozonation generated average energy savings of 0.14 kWh/kgO2, nearly
making NPVO2 positive, at least without considering any potential in-
vestment costs for ozonation.

3.5. Further benefits of an integrated system

By integrating PtG with co-digestion and wastewater treatment,
coupling between the electricity, gas, heat and water sectors can be
achieved. TheWWTP in this study essentially acted as an infinite oxygen
sink and provided heat utilisation potential which noticeably improved
the techno-economic performance. Although the results in this study
suggest that selling oxygen at market prices is more profitable than
utilising it for aeration in WWTPs, the oxygen market might become
saturated upon large-scale deployment of electrolysers, in which case
prices would drop and local, low-logistics use cases would be favoured.

Use of PtG by-products at the WWTP reduced its electricity

Fig. 10. Impact of (a) aeration energy consumption and (b) oxygen transfer rate on oxygen integration performance.
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consumption by 6 % and its overall energy consumption by 44 %. Since
WWTPs typically represent around 1–5 % of national electricity con-
sumption [21,28] and more than 1 % of global GHG emissions [23], the
savings could be considerable if PtG integration were applied on a large
scale, in particular for plants with less efficient aeration, or if higher
OTR could be achieved using pure oxygen aeration systems and larger
electricity savings can be made. Although indirect emissions from
electricity consumption can be less significant than direct emissions of
methane and nitrous oxide at WWTPs [88], pure oxygen utilisation may
also lead to direct emission reductions [57].

Integration of PtG at biogas plants is a form of biogenic carbon
capture and utilisation, where CO2 is recycled instead of being directly
emitted into the atmosphere. While CO2 utilisation does not in itself
prevent downstream emissions, it could aid in achieving negative
emissions elsewhere if methane generated through this process is used in
a centralised application with permanent carbon capture and storage.
This could help include small-scale facilities such as biogas production,
where carbon capture may not otherwise be feasible, in future carbon
value chains. Access to biogenic carbon without additional cost is also an
economic benefit for the PtG system. Large-scale direct air capture of
atmospheric CO2 has been estimated to cost approximately 140–375
€2023/tCO2, while carbon capture from low-concentration biogenic point
sources, such as power generation and industry, has an estimated cost of
60–90 €2023/tCO2 [3]. A CO2 cost would increase LCOPtG by nearly 18
€/MWhCH4 (9.2 %) per 100 €/tCO2, emphasising its importance for
economic viability.

Previous studies have found that the oxygen demand from waste-
water treatment exceeds the CO2 availability for methanation at WWTPs
[23]. On using only the biogas produced at the WWTP (27 % of total
production) in the system investigated here, approximately 69 and 9 %
of the heat and oxygen demand, respectively, could be fulfilled, further
demonstrating the need for additional CO2 to meet the by-product de-
mands. Inclusion of a co-digestion plant within the integrated system
increased CO2 availability and enabled a larger optimal PtG system,
increasing by-product demand fulfilment and reducing production costs.
However, CO2 was still the limiting factor even with co-digestion
included. Procuring carbon from other sources, such as the nearby
biomass-driven combined heat and power plant, would thus enable
further upscaling of the system and possibly enable complete oxygen
demand fulfilment at the WWTP, albeit possibly with an additional CO2
extraction cost as highlighted above.

3.6. Future outlook and research opportunities

The results of this study in the context of the Uppsala case casts doubt
upon the economic feasibility of oxygen utilisation within the integrated
PtG concept, which would likely prevent such systems from being
realised. However, the sensitivity analysis in section 3.4 showed that our
results may resemble a worst-case scenario and that specific local con-
ditions appear to be key in determining whether electrolytic oxygen
utilisation at WWTPs is economically feasible or not. Although consid-
ering the full investment cost of equipment and piping is important,
optimising the configuration to reduce by-product integration CAPEX, e.
g. by locating the PtG system at the WWTP to avoid expensive piping,
may increase feasibility. Refurbishing of existing aeration equipment to
enable pure oxygen use could produce similar benefits. In addition,
WWTPs with a higher aeration energy consumption, or sites where
ozonation is conducted, may be particularly suitable for this integration
due to their potential for larger energy savings. It is therefore suggested
that a thorough assessment of conditions at the specific site is conducted
to determine the feasibility of oxygen integration before implementa-
tion. On the other hand, energy savings may also be considered suffi-
cient to compensate for a financial loss.

The concept of integrated PtG requires further research to determine
its potential. Efforts to evaluate the impact of PtG by-product utilisation
in wastewater treatment would be aided by quantification of the effects

of pure oxygen on OTR in large-scale WWTPs. If OTR improvements are
demonstrated to be possible on a large scale, the economic potential and
thus the feasibility of the integrated concept can be improved. In addi-
tion, the concept could be applied to a co-digestion plant using inte-
grated thermophilic sanitisation, to investigate its impact on low-
temperature heat demand and CO2 availability, as an increased heat
demand was shown to have considerable benefits. A thorough life cycle
assessment of the integrated system would also provide additional in-
formation regarding its environmental impacts. Furthermore, since
biogas production, by-product demand and RES generation were all
modelled using data from a specific location, conducting similar studies
using data from other locations would increase the generalisability of
the results. The identified mismatches in supply and demand between
the datasets may look different in other conditions. For example, heat
demand at the WWTP may be lower in warmer regions and reduce the
usefulness of heat integration, while aeration energy consumption may
be higher and increase the usefulness of oxygen utilisation. Although the
analysed period appeared to be fairly representative of a typical year at
the investigated site, the specific data is influenced by e.g. weather
conditions and other time periods may thus provide slightly different
outcomes even at the same location. The characteristics of the datasets
used are further defined in section S2.1 in SM.

PtG by-products could provide integration options beyond those
quantified in this study. Residual biomass in methanation discharge
water could be redirected to the digestion tanks and increase biogas
production [71]. If on-site water purification were applied, e.g. using
reverse osmosis, some of the discharge water could possibly be reused in
the electrolyser and reduce water consumption. The economic impact of
the latter is likely small, as the cost of water was negligible, but could be
important at sites with limited freshwater access.

Due to the continuous demand for hydrogen in biogas upgrading
through direct methanation, which could lead to substantial operating
costs during extended periods of high electricity prices, the concept
could be further developed to achieve additional decoupling of elec-
trolysis and methanation. Inclusion of buffer biogas storage, already
present at some facilities [5], could e.g. make further use of the opera-
tional flexibility of biological methanation and enable full shutdown of
the PtG system. Another option is the concept of flexible membrane
upgrading proposed by Gantenbein et al. [89] in which a membrane,
commonly used to polish the output gas from methanation, e.g. by
removing residual hydrogen, could be operated either for polishing or as
conventional biogas upgrading by removing CO2. This would enable PtG
upgrading when cheap electricity is available, and conventional biogas
upgrading when it is not. If in-situ methanation can be realised without
compromising the stability of the anaerobic digestion process, it pro-
vides another interesting flexibility option. By pairing it with conven-
tional upgrading, in-situ methanation could be operated more
intermittently than direct ex-situ methanation, while the lack of an in-
dependent methanation reactor could still reduce costs.

Although WWTPs are a readily available and, as shown in this study,
promising option for integration with PtG systems, local integration
possibilities can vary. Industrial processes such as pulp and paper mills
provide alternative opportunities for integration of both heat and oxy-
gen at the same facility, at least if higher temperature heat can be
attained using heat pumps or high-temperature electrolysis and
methanation [16]. Moreover, methanation is only one of many possi-
bilities for CO2 utilisation available for biogas plants. Production of
other fuels and chemicals (such as methanol), materials or direct use of
CO2 in e.g. the food industry could all be viable alternatives, depending
on the scale and location of the biogas plant [90]. Other types of CO2
valorisation may lead to additional income and thus further increase the
economic advantage of conventional upgrading compared to PtG
observed in section 3.1.
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4. Conclusions

Coupling PtG with co-digestion and wastewater treatment would
provide access to biogenic CO2 and uses for excess heat and oxygen,
while replacing conventional biogas upgrading to produce low-carbon
methane. In this study, a model of such an integrated system was
developed and used to simulate hourly operation and optimise system
configuration based on actual plant data from Uppsala, Sweden.

Optimisation of PtG components and electricity supply showed that
the lowest production costs were obtained by minimising flaring of non-
upgraded biogas, avoiding excessive electrolyser oversizing and,
because of temporal mismatches in RES generation and biogas produc-
tion, decoupling of electrolysis and the biogas production system using
hydrogen storage. Depending on the value of unused renewable elec-
tricity, avoiding excess wind and solar generation could be an additional
factor for cost minimisation. The cost-optimal configuration achieved
LCOPtG of 194.6 €/MWhCH4, net energy efficiency of 59.7 %HHV and net
specific emissions of 37.2 and 635.2 gCO2/kWhCH4 in an average and
marginal perspective, respectively. Significant cost savings could be
made if investment and grid electricity costs decrease from current high
levels and through valorisation of unused RES generation. Replacing
biogas upgrading with PtG was shown to require a methane sales price
above 180 €/MWhCH4 to improve economic performance.

The analysis highlighted both the promise and potential restrictions
of integrating PtG by-products within wastewater treatment. In the
investigated case, by-product utilisation increased system efficiency by
7.4 %-units and consequently lowered production costs by 1.0 % and
emissions from average and marginal perspectives by 28.3 and 2.2 %,
respectively. Heat integration accounted for most of the performance
improvement, while oxygen integration provided only minor positive
effects on efficiency and emissions, and slightly increased overall pro-
duction costs. The limited impact of oxygen integration was demon-
strated to depend on site-specific conditions, i.e. a relatively low energy
consumption of the aeration process in the investigated system and high
investment costs due to piping distances. Its feasibility could therefore
improve for WWTPs with higher electricity consumption, pure oxygen
aeration systems with increased oxygen transfer efficiency, or on-site
oxygen use. Furthermore, the optimised system had overproduction of
heat, fulfilling the heat demand using 25.2 % of heat generated, but
underproduction of oxygen, fulfilling only 26.1 % of the oxygen demand
using all available oxygen. Thus, larger benefits may be realised if
additional heat sinks are found. Owing to the difference in magnitude of
by-product supply and demand, temporal mismatches due to non-
complementary biogas production and wastewater flows were insignif-
icant and by-product utilisation had virtually no impact on system
operation.
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application of biogas upgrading membranes for hydrogen recycle in power-to-
methane processes. Chem Eng Sci Jan. 2021;229:116012. https://doi.org/
10.1016/j.ces.2020.116012.

[90] Cordova SS, Gustafsson M, Eklund M, Svensson N. What should we do with CO₂
from biogas upgrading? J CO2 Util Nov. 2023;77:102607. https://doi.org/
10.1016/j.jcou.2023.102607.

L. Engstam et al. Applied Energy 377 (2025) 124534 

19 

http://www.powerstep.eu/system/files/generated/files/resource/d3-2-technical-and-economic-analysis-of-biological-methanationdeliverable.pdf
http://www.powerstep.eu/system/files/generated/files/resource/d3-2-technical-and-economic-analysis-of-biological-methanationdeliverable.pdf
http://www.powerstep.eu/system/files/generated/files/resource/d3-2-technical-and-economic-analysis-of-biological-methanationdeliverable.pdf
https://doi.org/10.1016/j.ijhydene.2020.12.111
https://doi.org/10.1016/j.apenergy.2018.09.194
https://doi.org/10.1016/j.apenergy.2018.09.194
https://doi.org/10.1016/j.apenergy.2023.121243
https://doi.org/10.1016/j.apenergy.2023.121243
https://www.iea.org/reports/the-role-of-e-fuels-in-decarbonising-transport
https://www.iea.org/reports/the-role-of-e-fuels-in-decarbonising-transport
https://doi.org/10.1016/j.isci.2021.102539
https://doi.org/10.1016/j.enconman.2021.114692
https://doi.org/10.1016/j.enconman.2021.114692
https://doi.org/10.1016/j.energy.2022.124817
https://doi.org/10.1016/j.energy.2022.124817
http://data.europa.eu/eli/reg_del/2023/1184/oj
http://data.europa.eu/eli/reg_del/2023/1184/oj
https://ember-climate.org/data/data-tools/carbon-price-viewer/
https://ember-climate.org/data/data-tools/carbon-price-viewer/
https://doi.org/10.1016/j.adapen.2023.100156
https://doi.org/10.1016/j.adapen.2023.100156
https://doi.org/10.1007/s11367-015-0848-0
https://doi.org/10.1016/j.apenergy.2017.02.063
https://doi.org/10.1016/S0960-1481(03)00134-4
https://doi.org/10.1016/S0960-1481(03)00134-4
https://doi.org/10.1016/j.energy.2014.11.028
https://doi.org/10.1016/j.energy.2014.11.028
https://doi.org/10.1016/j.fuel.2023.127969
https://doi.org/10.1007/s40710-022-00563-1
https://doi.org/10.1016/j.egypro.2016.10.067
https://doi.org/10.1016/j.egypro.2016.10.067
https://doi.org/10.1016/j.ces.2020.116012
https://doi.org/10.1016/j.ces.2020.116012
https://doi.org/10.1016/j.jcou.2023.102607
https://doi.org/10.1016/j.jcou.2023.102607

	Optimising power-to-gas integration with wastewater treatment and biogas: A techno-economic assessment of CO2 and by-produc ...
	1 Introduction
	2 Methodology
	2.1 System description
	2.1.1 Electricity supply
	2.1.2 Electrolysis
	2.1.3 Hydrogen storage
	2.1.4 Biological methanation
	2.1.5 Compressor
	2.1.6 Biogas production

	2.2 By-product utilisation within the integrated system
	2.2.1 Heat utilisation
	2.2.2 Oxygen utilisation

	2.3 Techno-economic assessment
	2.4 Operating strategy
	2.5 Configuration optimisation methodology

	3 Results and discussion
	3.1 Optimisation results
	3.1.1 Impact of power-to-gas component sizing on performance
	3.1.2 Electricity supply analysis

	3.2 Impact of by-product utilisation
	3.3 System operation
	3.4 Sensitivity analysis
	3.4.1 Exploration of heat utilisation potential
	3.4.2 Exploration of oxygen utilisation potential

	3.5 Further benefits of an integrated system
	3.6 Future outlook and research opportunities

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


