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1 Carbon Abatement Energy Cost (CAEC)

calculations

In this section we present the literature and assumptions used for CAEC calculations for
each mitigation option considered in the main manuscript.

1.1 Electricity generation

We first consider the energy transition towards low-carbon energy sources. Specifically, we
would like to understand the CAEC of the transition from fossil fuel electricity generation
to low-carbon energy sources: wind, solar, and nuclear. We use the CAEC relation in terms
of energy return on investment (EROI) that is given as Eq. 4 in the main manuscript and
also shown below.

CAEC =
Eout(EROI−1

2 − EROI−1
1 )

∆C2 − ∆C1

(1)

where ∆C = Cin − Cout and the denominator represents CO2 abated. Here, technology #2
replaces technology #1. If our energy demand is 1 kWh, then we need to generate this
amount of energy regardless of the energy source. Thus, we assume each technology has to
generate 1 kWh, i.e. Eout = 1 kWh. We need to know how much energy has to be invested
to generate 1 kWh, i.e. EROI−1

1 and EROI−1
2 . EROI values for each technology are given

in Table 1 along with their reported median greenhouse gas emissions.

Table 1: Overview of electricity generation technologies in terms of their energy return on
investment (EROI) and greenhouse gas (GHG) emissions

Energy Source EROI Ref. Median GHG emissions Ref.
(gCO2-eq/kWh)

Coal 46 [1] 980 [2]
Conventional Natural Gas 20 [1] 670 (Combined Cycle) [3]
Nuclear 14 [1] 12 [4]
Solar Photovoltaic (PV) 10 [1] 45 (c-Si) [5]
Wind 20 [1] 10 [6]

For example, if energy generation from coal is replaced by solar PV, then

CAEC =
Eout(EROI−1

PV − EROI−1
Coal)

∆CPV − ∆CCoal

=
1 kWh × ( 1

10
− 1

46
)

(0 − 0.045) − (0 − 0.980)kgCO2-eq
= 0.0837 kgCO2-eq/kWh

(2)

Here, the numerator expresses the energy cost of switching due to reduced generation output
and the denominator is the reduced emission achieved by switching. Table 2 shows the results
for all scenarios.

Table 2: CAEC of decarbonising electricity generation

CAEC (kWh/kg) to Wind to Photovoltaic to Nuclear
from Coal 0.029 0.084 0.051
from Gas 0 0.080 0.033
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1.2 Hydrogen production

Parkinson et al. [7] classify technologies for hydrogen (H2) production into four categories:
(1) thermochemical, (2) electrochemical, (3) photo-biological, and (4) photo-electrochemical.
Among these four categories, thermochemical and electrochemical technologies have proven
large-scale commercial production performance. In our study, we consider steam methane
reforming (thermochemical), water electrolysis (electrochemical), and thermochemical water
splitting (thermochemical). We provide the overview of selected studies in Table 3. The
energy requirements and emissions reported in each study are provided in Table 4.

In our calculations, we treat H2 production under carbon avoidance options where emis-
sions reductions are achieved through technology switching. Thus, CAEC associated with
alternative H2 production technologies are determined as switching from a reference (con-
ventional) technology to an alternative technology. In Table 5, we provide averages of energy
requirements and emissions of different technology groups as reported by the selected studies.

Table 3: Overview of selected studies. In the studies considering solar, wind and nuclear
power as the energy source, the feedstock to produce hydrogen (H2) is water. In studies
considering steam reforming, the feedstock is methane and heat requirement is met by natural
gas. Energy and emission system boundaries are reported here as stated by the authors, and
where it is not explicitly stated, we grouped them per our discretion.

Data
Point

Ref. Energy Source Production
Method

Energy System
Boundary

Emission Sys-
tem Boundary

1 [8] Solar (Photo-
voltaic)

Electrolysis Cradle to Grave Cradle to Grave

2 [8] Wind Electrolysis Cradle to Grave Cradle to Grave
3 [9] Wind Electrolysis Cradle to Grave Cradle to Gate
4 [10] Wind Electrolysis Cradle to Grave Cradle to Grave
5 [11] Nuclear Power High Tempera-

ture Electrolysis
Gate to Gate Cradle to Gate

6 [12] Nuclear Power Thermochemical
Water Splitting

Gate to Gate Cradle to Gate

7 [12] Nuclear Power Thermochemical
Water Splitting

Gate to Gate Cradle to Gate

8 [12] Nuclear Power Thermochemical
Water Splitting

Gate to Gate Cradle to Gate

9 [13] Nuclear Power High Tempera-
ture Electrolysis

Gate to Gate Gate to Gate

10 [8] Natural Gas Steam Methane
Reforming

Cradle to Grave Cradle to Grave

11 [14] Natural Gas Steam Methane
Reforming

Cradle to Grave Cradle to Grave

12 [15] Natural Gas Steam Methane
Reforming

Cradle to Gate Cradle to Gate
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Table 4: Energy requirement (Column 3 —5) and emissions (Column 7) reported in the
selected studies for hydrogen production. Column 6 shows the total energy balance that we
use in CAEC calculations. For Data Point #1–#4, we add a specific energy consumption of
180.24 MJ per kg H2 to account for the energy requirement of an electrolyzer system. This
specific energy consumption is reported for alkaline and polymer electrolyte electrolyzer as
4.5 kWh per Nm3 [16] and we use a conversion factor of 0.08988 kg per Nm3.

Data
Point

Ref. Total
Process
(MJ/kg-H2)

Total (with-
out process)
(MJ/kg-H2)

Total
equivalent
(MJ/kg-H2)

Total
energy
balance
(MJ/kg-H2)

CO2 Equiv-
alent (kg
CO2/kg-H2)

1 [8] — 33.44 — 213.68 2.41
2 [8] — 9.92 — 190.16 0.97
3 [9] — 9.10 — 189.34 0.97
4 [10] — 34.30 — 214.54 1.92
5 [11] 235.00 — — 235.00 2.00
6 [12] 246.00 — — 246.00 1.33
7 [12] 228.20 — — 228.20 1.18
8 [12] 249.89 — — 249.89 1.27
9 [13] 208.76 — — 208.76 0.42
10 [8] — — 165.66 165.66 11.89
11 [14] — — 183.20 182.20 11.89
12 [15] — — 198.42 198.42 11.50

Table 5: Group averages for H2 production and CAEC of switching from conventional tech-
nology (steam methane reforming) to alternative technologies powered by solar/wind and
nuclear power.

Category Energy Source Feedstock Average Energy
Requirement
(MJ per kg H2)

Average Emis-
sions (CO2-eq kg
per kg H2)

CAEC
(kWh per
kg CO2)

Reference Natural Gas Methane 182.43 11.76 n/a
Solar/Wind Solar or Wind Water 201.93 1.57 0.53
Nuclear Nuclear Water 233.57 1.24 1.36
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1.3 Polyol synthesis

von der Assen and Bardow [17] reports that in polyol synthesis CO2 can be used to partially
substitute energy and emission intensive epoxides. Fernández-Dacosta et al. [18] provides an
assessment of a hydrogen unit at a refinery, where CO2 is used for polyol production. The
details of these two studies and associated CAEC calculations are given in Table 6 and Table
7.

There has been several other publications considering energy costs of CO2 utilisation
in polyol production. We do not use the analysis provided in Fernández-Dacosta et al.
[19] since this study provides a case study including a hydrogen manufacturing unit with
CO2 capture and utilisation into dimethyl ether and polyol. Plant configuration produces
the products either in two consecutive cycles or simultaneously; and it is not possible to
determine the metrics for polyol production only. We do not use the following studies either
but mention them here for reference: Hoppe et al. [20] does not report energy costs but
has a comprehensive analysis for emissions, and in von der Assen et al. [21], energy balance
for conventional polyol production and net carbon embedded in CO2-based polyol are not
reported but otherwise reports the amount of CO2 utilized in the supply chain for various
production scenarios.

Table 6: von der Assen and Bardow [17] data for polyol production using CO2.

Parameter Value
Additional energy cost (kWh) 0.36
CO2 used (kg CO2) 0.20
CAEC (kWh/kg CO2) 1.80

Table 7: Fernández-Dacosta et al. [18] data for polyol production using CO2. We find
required energy and resulting carbon balance by substituting Column #4 from Column #5.
10 GWh per year energy requirement for 58 kt per year CO2 used suggests a CAEC of 0.17
kWh/kg.

Parameter Units Baseline CCS CCUS CO2 embedding
CO2 emissions kt/annum 890 271 271 0
CO2 stored kt/annum - 552 495 n/a
CO2 used kt/annum - - 58 58
Primary energy use GWh/annum 125 613 623 10
CAEC kWh/kg CO2 - - - 0.17
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1.4 Methanol synthesis

Most of the methanol today is produced from the conversion of a mixture of carbon monoxide
(CO) and hydrogen (commonly referred as syngas). Alternatively, methanol can be produced
from CO2 either through direct hydrogenation or through two steps reaction, where CO2 is
first converted into carbon monoxide and then hydrogenated to methanol. In either case,
hydrogen is a key element.

In our calculation, we use five studies that reports energetic costs of direct hydrogenation
of CO2 to methanol and associated emissions. These studies are Bellotti et al. [22], Mignard
[23], Pérez-Fortes et al. [24], Rihko-Struckmann et al. [25], and Van-Dal and Bouallou [26].
We summarize the findings of these studies in Table 10 and we show the overall energy and
carbon balances along with the CAEC of methanol production in Table 11.

We also identified seven other related studies but did not include in our calculation as
they do not provide all details necessary for CAEC calculation. These studies are reported
here for reference: der Ham L. G. J. et al. [27], Kiss et al. [28], Kim et al. [29], Mignard and
Pritchard [30], Luu et al. [31], Al-Kalbani et al. [32], Abanades et al. [33].

Table 8: Hydrogen supply assumed by each methanol (MeOH) LCA study. *We determine
hydrogen energy cost for [24] using values provided in [22] (54.2 kWh for 1 kg H2).

Hydrogen Supply
Study Source Emissions Energy (GJ/t

MeOH)
[22] Electrolysis Carbon-free 38.20
[23] Electrolysis Carbon-free Aggregated in to-

tal energy

[24] Hypothetical H2

network
Carbon-free 38.84*

[25] Electrolysis Carbon-free 37.08
[26] Electrolysis Carbon-free 39.30

Table 9: CO2 supply assumed by each methanol LCA study.

CO2 Supply
Study Source Details Energy (GJ/t

MeOH)
[22] CCS System 90% capture from

flue
3.45

[23] n/a n/a n/a
[24] n/a n/a n/a
[25] n/a n/a n/a
[26] Coal Plant n/a 3.26

Table 10: Methanol plant details in each methanol LCA study.

Methanol Plant
Study Electricity Source CO2 in / out (t CO2/ t MeOH) Energy (GJ/t

MeOH)
[22] n/a 1.44 n/a 0.86
[23] Carbon-free 1.38 0.26 Aggregated in to-

tal energy
[24] n/a 1.46 0.23 5.29
[25] n/a 1.37 n/a 4.81
[26] Coal Plant 1.48 0.33 1.07
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Table 11: Energy and carbon balances reported by methanol LCA studies and the resulting
CAEC.

Study Net CO2 used (t CO2/t
MeOH)

Total energy spent
(GJ/t MeOH)

CAEC (kWh/kg CO2)

[22] 1.44 42.51 8.20
[23] 1.12 52.26 12.96
[24] 1.23 44.13 9.96
[25] 1.37 41.89 8.49
[26] 1.15 43.63 10.53
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1.5 DMC synthesis

Garcia-Herrero et al. [34] lists six different routes for producing dimethyl carbonate (DMC).
These are (1) methanol phosgenation, (2) oxidative carbonylation of methanol, (3) oxidative
carbonylation or methanol via methly nitrite, (4) ethylene carbonate transesterification, (5)
urea transesterification, and (6) direct synthesis from CO2. Route 1 is the traditional way
of production DMC and involves phosgene, which is toxic. Route 2 and 3 have replaced this
route as less toxic alternatives and they are currently commercially prevalent methods to
produce DMC in Europe. Route 4, 5 and 6 are new pathways that enable embedding CO2

during the production.
We identified four studies investigating life-cycle assessments of the production routes

that use CO2 (Routes 4 - 6). Garcia-Herrero et al. [34] investigates Route 2 and Route 6 but
we do not include Garcia-Herrero et al. [34] this study since it assumes ”Cradle-to-Gate”
system boundaries while all other studies conduct ”Gate-to-Gate” studies. Monteiro et al.
[35] studies life-cycle assessments for Route 4 and Route 5. Souza et al. [36] investigates
two versions of Route 4, where methyl-isobutyl-ketone and ethylene glycol are used as the
entrainer in each case. Kongpanna et al. [37] studies life-cycle assessment of Route 2, Route
4, and Route 5. We only consider Route 4 since only this route is able to achieve negative
gate-to-gate emissions. We give an overview of the findings of the studies in Table 12.

Table 12: Reported values and overall process for selected studies. All studies conduct
”Gate-to-Gate” studies. Energy embedded in upstream processes such as for methanol and
ethylene oxide and associated emissions not considered.

Reference [35] [36] [37]
Production Route Route 4 Route 5 Route 4 Route 4 Route 4
Unit of Energy TJ/year TJ/year MW MW MJ/h
Total energy 216.37 414.99 57.619 53.641 116516
Unit of Mass kg/h kg/h kton/year kton/year kg/h
DMC production 13529.38 13526.03 134.4 130.6 3968.9
MeOH consumption 9618.73 9612.57 95.2 93.3 2999
CO2 reacted or consumed 6676.27 9008.39 92.7 92.7 6127.9
net CO2 sequestered 4193.15 3096.87 - - -
CAEC 1.64 4.25 5.45 5.07 5.28
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1.6 Biodiesel with carbon capture and storage - BECCSfuel

Biodiesel can be produced using Fischer-Tropsch synthesis where syngas is converted into
liquid fuel. There are several studies in the literature looking into life-cycle assessment of
biodiesel production using Fischer-Tropsch synthesis. Most of these studies do not consider
any carbon capture and sequestration. Here, we consider two studies that report energetic
costs of production routes and associated emissions to produce biodiesel combined with
carbon capture and sequestration. van Vliet et al. [38] and Liu et al. [39] consider various
feedstock to liquid fuel routes such as coal to diesel, natural gas to diesel, and biomass
to diesel. During Fischer-Tropsch synthesis, biomass is first converted into syngas through
gasification and using hydrogen and carbon monoxide generated in this gasification step
biodiesel is produced. We compare both studies in Table 13 and summarise the findings of
van Vliet et al. [38] in Table 14 and the findings of Liu et al. [39] in Table 15.

Table 13: Comparison of plant design assumptions in Liu et al. [39] and van Vliet et al. [38].

Study van Vliet et al. [38] Liu et al. [39]
Functional / base Unit 1 km of transportation deliv-

ered in an average EU car
Biomass to FTL fuels
(diesel/jet, gasoline) using
common biomass input rate =
1 million metric ton(dry)/year

Biomass Type Biomass pellets Chopped switchgrass
System Boundary Upstream: Biomass supply

area and collection logistics.
Process: construction of facil-
ities, infrastructure and vehi-
cles are not included but oth-
erwise fully accounted. Down-
stream: In all cases, the distri-
bution infrastructure is identi-
cal to the existing diesel net-
work, e.g. ships for long
distances and pipelines and
trucks for end-point distribu-
tion (No energy included but
GHG is accounted only)

Upstream: Feedstock produc-
tion, delivery operation. Pro-
cess: All emissions other than
those involved in manufactur-
ing and constructing the plant
equipment. Downstream: CO2

from combustion taken into ac-
count.

CO2 capture About 90-92% of the CO2 in
the syngas stream can be re-
moved using a Selexol unit.

Depends on plant design

Other plant assumptions Assumes that distribution uses
the diesel produced in an ear-
lier step and that conversion
plants do not require energy in-
puts other than the main feed-
stock.

51% of the C in CO in in-
coming syngas is converted
into raw Fischer-Tropsh liq-
uid products in a single pass.
Short C chains are combusted.

Table 14: Findings of van Vliet et al. [38]. The authors assume that distribution supply
chain uses the biodiesel produced in an earlier cycle and the plant does not require energy
inputs other than the main feedstock.

Scenario Eastern Europe Brazil
Biomass type Salix Eucalyptus
Energy demand (MJ/km) 3.088 2.675
GHG emissions (g-CO2/km) −126 −129
Bioenergy use per CO2 sequestered (kWh/kg CO2) 6.81 5.76
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Table 15: Findings of Liu et al. [39]. We assume 26% biomass to electricity conversion when
we discount the by-product electricity from the overall energy balance.

Scenario USA
Biomass type Switchgrass
Biomass input (MWHHV) 661
Electricity output (MWe) 31
Fuel output (MWLHV) 286
Energy output (MWh) 9521
CO2 sequestered (t per day) 2919
Bioenergy use per CO2 se-
questered (kWh/kg CO2)

5.44

Table 16: CAEC of switching to biomass-based Fischer-Tropsch fuels with CCS from diesel.
Diesel values (first row) are based on findings of Hekkert et al. [40] on supply of diesel. We
only consider the probable cases reported by Hekkert et al. [40]. The energy requirement
and carbon emissions are based on the well-to-wheel approach, where all life cycle steps
of the fuel chains are analysed in terms of energy use and related emissions. The energy
consumption shown here includes energy contained by the fuel consumed by the vehicle and
the energy to supply this fuel.

Fuel type Energy consumption
fuel chains (MJ/km)

CO2 emissions fuel
chains (g/km)

CAEC
(kWh/kg)

Diesel 2.1 153 n/a
Fischer-Tropsch
Diesel with CCS
(Salix)

3.088 -126 0.98

Fischer-Tropsch
Diesel with CCS
(Eucalyptus)

2.675 -129 0.57
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1.7 Bioelectricity with carbon capture and storage - BECCSpower

CAEC numbers for BECCSpower were generated with the Modelling and Optimisation of
Negative Emissions Technologies (MONET) framework [41, 42, 43]. The MONET frame-
work is a spatially and temporally explicit BECCS value chain modelling and deployment
optimisation framework, which calculates the water, carbon, land, energy and financial costs
associated with producing, processing, transport, and converting various biomass feedstock
in a large scale power plant, and capturing, transporting and storing the CO2 emitted. Five
representative climates and economies of the world are included (Brazil, China, Europe (28
countries of the European Union), India and the USA) and represented at the state (Brazil,
India, China, USA) or country level (Europe). Degrees of freedom of the MONET includes
the location of the farm for biomass production, the feedstock type (perennial grass, woody
energy crop, or agricultural residues), the land used for biomass production (which impacts
land use change emissions), the location of the BECCS plant, collocated with a CO2 storage
site, and the biomass transport route and mode to the BECCS plant. Key assumptions and
data are available in various publications [41, 42, 43].

Since the publication of MONET, several updates to the model have been made. The
additional values generated for Europe, China, and USA regions reflect these changes. These
changes resulted in lower supply chain energy demands than obtained in Fajardy and Dowell
[42]. These changes are as follows:

• Fertiliser input: previously, fertiliser application rates (in kg/ha/yr) for each nutrient
(N, P2O5 and K2O) and biomass type were exogenous and obtained from the literature.
Application was considered annual regardless of the crop harvest cycle, and unrelated to
yield. This particularly penalised low yield regions and crops with longer harvest cycles
(e.g. willow). To remedy these caveats, fertiliser input was calculated as a function
of yield and the biomass nutrient content (%N,%P,%K) following the methodology
in de Wit and Faaij [44]. In order to be conservative, no prior natural deposition of
nitrogen in the soil was considered.

• Biomass pelleting: biomass pelleting incurs both a financial and energy penalty on
the BECCS value chain, and is only worth doing if biomass is transported across long
distances. In this new version of the model, biomass is not pelleted if converted (sub-
region sr’) in the same region it is produced (sub-region sr). If sr’ equates sr, biomass
is only dried, and transported in the form of bales (for wheat straw, switchgrass and
miscanthus) or chips (willow).

• Pellet grinding at the power plant: prior to combustion, biomass needs to be finely
ground. Pellet grinding energy costs from [45] were previously used, and amounted
to as much as 394 MJ/ton for wood pellets Williams et al. [45]. Recent work from
the same authors showed that using other types of mill could significantly reduce this
energy cost, to as low as 117 MJ/ton for wood pellets, and 99 MJ/ton for miscanthus
pellets [46].

In Fajardy and Dowell [41], a detailed energy balance and energy return on investment
(EROI) analysis was performed over a UK-based BECCS plants under different feedstock
scenarios (Fajardy, Chiquier et al. 2018). Four types of biomass feedstock were included in
the analysis (miscanthus, switchgrass, willow, wheat straw, as well as two different regions
for the production of the biomass - Louisiana (US) and the UK). The updated data sets are
given in Table 17. We are not using these values in our CAEC calculations given in Figure
6 and 7 but report here for completeness.
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Table 17: Updated data sets compared to the values given in Fajardy and Dowell [42] after
implementing changes above. Energy and carbon balances performed over 50 years.

Region
of re-
moval

Specific
case stud-
ies

Region of
production

Energy
in (106

MJ/ha)

Energy
embed-
ded in
pellets
(106

MJ/ha)

Supply
chain
energy
demand
(106

MJ/ha)

CO2

removal
(105 kg
CO2/ha)

CAEC
(kWh/kg
CO2)

UK Miscanthus UK 10.27 9.18 1.40 7.24 2.99
UK Switchgrass UK 6.12 5.47 0.77 4.11 3.18
UK Wheat UK 4.01 3.59 0.19 2.99 3.16
UK Willow UK 7.12 6.41 2.44 3.97 2.78
UK Miscanthus Lousiana

USA
22.53 17.46 4.59 12.91 2.77

UK Switchgrass Lousiana
USA

10.69 8.28 1.89 5.94 2.99

UK Wheat Lousiana
USA

1.70 1.32 0.27 1.01 2.87

UK Willow Lousiana
USA

4.15 3.2 1.97 1.56 2.23

In order to account for scale effects, in this study, we use MONET to optimise BECCS
deployment required to simultaneously meet individual CO2 removal targets of 1 GtCO2/yr
in China, USA and the EU, whilst minimising the systems’s total carbon losses. BECCS
deployment was constrained to energy crops produced on marginal land, and biomass trading
was allowed between regions. These scenarios are carried out under optimistic (‘best’),
pessimistic (‘worst’) and business as usual (‘BAU’) biomass supply chain assumptions. In
BAU scenarios, all MONET inputs are taken at average value, while in best scenarios high
biomass yield, low carbon intensity of energy sources and chemicals, low biomass moisture,
low processing energy and in worst scenarios low biomass yield, high carbon intensity of
energy sources and chemicals, high biomass moisture, high processing energy are assumed.
The results of these scenarios are given in Table 18 and in Table 19.

Table 18: New BECCS scenarios generated using MONET framework for Europe, USA, and
China. The energy values (Left column) are reported for the total net carbon removal (Right
column).

Region of
removal

Energy in raw biomass (EJ/yr) Net Carbon Removal (Gt-CO2/yr)

BAU Worst Best BAU Worst Best
China 16.2 14.5 15.7 1.0 0.85 1.0
EU 18.7 15.6 14.5 1.0 0.59 1.0
USA 17.0 14.5 20.5 1.0 0.95 1.0

Table 19: New BECCS scenarios generated using MONET framework for Europe, USA, and
China. Energy crops are assumed on marginal land - biomass trading allowed with a target
of removal 1 Gt/yr. The values are reported per BECCS unit and the capacity of each
BECCS unit is 500 MW. Total BECCS units for reaching 1Gt/yr target are given in the last
column. Please note that in the worst case, the target is not achieved (See Table 18).

Region of
removal

Net Energy Genera-
tion (PJ/yr)

Net Carbon Removal
(Mt-CO2/yr)

# BECCS unit

BAU Worst Best BAU Worst Best BAU Worst Best
China 41.29 35.23 45.75 3.48 3.09 3.78 288 277 265
EU 37.63 26.03 44.32 3.26 2.48 3.71 307 238 270
USA 39.99 29.97 45.66 3.37 2.71 3.76 297 348 266
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We compare the BECCS scenarios with the performance of an oxy-fuel integrated gasifi-
cation combined cycle (IGCC) plant. One such plant is analyzed in detail by Shi et al. [47]
and the relevant details of this study is given in Table 20.

Table 20: Oxy-fuel IGCC power plant using integrated intermittent chemical looping air
separation [47]. FCO2 represents high pressure CO2 flowrate. Pgross and Pnet stand for the
gross and net power. Adjusted Pnet is the net power of a (gross) 500 MW oxy-fuel IGCC
power plant, for which the values are linearly extrapolated, in order to match a (gross) 500
MW BECCS plant considered in the MONET scenarios. CO2,out (kg/s) is the residual CO2

emissions from each IGCC plant design.

Parameter Design 1 Design 2 Design 3
Pgross (MW) 337.12 378.32 321.72
Pnet (MW) 244.88 326.88 273.91
FCO2 (kg/s) 61.52 70.89 62.27
FCO2 (%) 98.8 99.8 99.8
Pnet,adjusted (MW) 363.19 432.02 425.70
CO2,out (kg/s) 1.095 0.187 0.194

Finally, the CAEC of BECCSpower is calculated by comparing each case given in Table
19 with each IGCC design in Table 20. The CAEC for each case is given in Table 21.

Table 21: CAEC of BECCSpower. Regional and scenario averages are given in kWh per kg
CO2.

Design 1 BAU Worst Best Regional Average
China 0.90 1.02 0.83 0.92
EU 0.97 1.27 0.85 1.03
USA 0.93 1.16 0.83 0.98
Scenario Average 0.93 1.15 0.84

Design 2 BAU Worst Best Regional Average
China 1.08 1.21 0.99 1.09
EU 1.15 1.51 1.01 1.22
USA 1.11 1.38 0.99 1.16
Scenario Average 1.11 1.37 1.00

Design 3 BAU Worst Best Regional Average
China 1.06 1.20 0.97 1.08
EU 1.13 1.49 0.99 1.21
USA 1.10 1.36 0.98 1.15
Scenario Average 1.10 1.35 0.98
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1.8 Direct Air Capture

A review of companies active in the field of direct air capture (DAC) is given in Fasihi et al.
[48]. In that review DAC technologies are grouped in three categories: (1) High temperature
aqueous solution, (2) Low temperature solid sorbent with temperature swing adsorption, (3)
Low temperature solid sorbent with moisture swing adsorption. In our study, we calculate
CAEC for DAC using high temperature aqueous solution. This technology uses an aqueous
solution that usually goes through two cycles, namely, absorption and regeneration. In the
first cycle, ambient air is brought into contact with the solvent. This solvent is usually
sodium hydroxide (NaOH) but other solvents such as potassium hydroxide (KOH) are also
used. During this cycle, CO2 molecules react with the sorbent and form a solution of sodium
carbonate (if NaOH is the choice of solvent). In the second cycle, sodium carbonate is mixed
with calcium hydroxide and NaOH is regenerated. This reaction produces solid calcium
carbonate (CaCO3). This product is heated up to high temperature (usually 900◦C) to
release CO2. The CO2 is then collected and compressed. For this type of technology, we
identified 5 published studies that provide sufficient detail for CAEC calculation. These
studies are given in Table 22.

Table 22: Reported energy and carbon balances and process details for high temperature
aqueous solution studies. All studies assume their energy sources as natural gas except
Zeman [49] also considers coal. All studies use NaOH - Ca(OH)2 as their sorbent except
Keith et al. [50] uses KOH - Ca(OH)2 instead. Ambient CO2 concentration is given in parts
per million (ppm) of CO2.

Data Study Ambient
CO2 concen-
tration

Heat demand Work demand Outlet
CO2 pres-
sure (bar)

1 Baciocchi et al. [51] 500 ppm 6.04GJ/t 1.584GJ/t 58
2 Zeman [49] 380 ppm 225 kJ/mol 123 kJ/mol 80
3 Socolow et al. [52] 500 ppm 6.1GJ/t 1.78 GJ/t 100
4 Keith et al. [50] 400 ppm 8.81GJ/t Embedded in heat 150
5 de Jonge et al. [53] 400 ppm 6.282 GJ/t 462.13 kWh/t 110

Table 23: Post-processed energy values after accounting for heat and electricity conversion
efficiencies. Assuming 48% efficiency for methane to electricity as this is the UK CCGT
average for past 5 years according to DUKES data.

Data Methane de-
mand (heat)

Fuel to heat conver-
sion efficiency

Methane
demand (elec-
tricity)

Total Demand
(GJ/t CO2)

CAEC
(kWh/kg
CO2)

1 8.05GJ/t 75% (post-
processed)

3.3GJ/t 11.35 3.15

2 225 kJ/mol 90% (already in-
cluded)

256 kJ/mol 10.93 3.04

3 8.13GJ/t 75% (post-
processed)

3.71 GJ/t 11.84 3.29

4 8.81GJ/t 78% (already in-
cluded)

Embedded in
heat

8.81 2.45

5 6.282 GJ/t 90% (already in-
cluded)

962.77 kWh/t 9.75 2.71
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2 Negative Emission Technologies in IAMs

Table 24: BECCS in IAMs. Carbon dioxide removal in 2100 in Gt CO2/yr with limited
biomass supply of 100EJ.

IAM High Carbon
Budget Scenario
(Gt CO2)

Low Carbon
Budget Scenario
(Gt CO2)

Bioenergy user
per CO2 (EJ/Gt
CO2)

Bioenergy
user per CO2

(kWh/kg CO2)
BET 8.0 8.1 12.35 - 12.50 3.43 - 3.47
DNE21+ 8.1 8.4 11.91 - 12.35 3.31 - 3.43
GCAM 4.8 4.9 20.41 - 20.83 5.67 - 5.79
GRAPE 10.2 10.4 9.62 - 9.80 2.67 - 2.72
IMAGE 6.6 6.2 15.15 - 16.13 4.21 - 4.48
MESSAGE-
GLOBIOM

5.5 5.5 18.20 5.06

POLES 8.7 7.7 11.49 - 12.99 3.19 - 3.61
REMIND-
MAgPIE

6.4 6.8 14.71 - 15.63 4.09 - 4.34
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3 CAEC limit calculations

3.1 Thermodynamic minimum for Direct Air Capture

Thermodynamic minimum energy to capture CO2 from a gas mixture at 298K is 497
kJ/kgCO2 for 100% capture rate (400ppm) [52].

To compress CO2 at 298K from 1 to 10 atmospheres, the minimum energy of compression
is 130 kJ/kgCO2 [52].

The total gives 0.627 MJ per kg, or CAEC = 0.17 kWh/kg
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vironmental potential of carbon dioxide utilization in the polyurethane supply
chain. Faraday Discussions, 183:291–307, 2015. doi: 10.1039/c5fd00067j. URL
https://doi.org/10.1039/c5fd00067j.

[22] D. Bellotti, M. Rivarolo, L. Magistri, and A.F. Massardo. Feasibility study of
methanol production plant from hydrogen and captured carbon dioxide. Journal of
CO2 Utilization, 21:132–138, October 2017. doi: 10.1016/j.jcou.2017.07.001. URL
https://doi.org/10.1016/j.jcou.2017.07.001.

[23] D Mignard. Methanol synthesis from flue-gas CO2 and renewable elec-
tricity: a feasibility study. International Journal of Hydrogen Energy,
28(4):455–464, Apr 2003. doi: 10.1016/s0360-3199(02)00082-4. URL
https://doi.org/10.1016/s0360-3199(02)00082-4.
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