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Net zero emissions of the global energy and land systems are needed to keep the temperature
increase to the 1.5 degrees limit by 2100 as per the Paris Agreement (PA). Furthermore, updated
Nationally Determined Contributions (NDCs) now include a net zero target by 2050 or until
2070. These climate policies require rapid technological development towards renewable energy
and low carbon emission technologies like nuclear and carbon capture and storage. However, this
transition is water intensive as water is needed in power plants cooling, gasification, carbon
capture, hydroelectricity, or emission control. In this study, the focus is done on the first three by
using an integrated assessment model TIAM-FR. It is based on techno-economic linear
optimization and includes a water allocation module. Under two climate scenarios, the energy
mixes of the world energy system are scrutinized. The results show that achieving net zero
requires renewable energy mainly but would use bioenergy with carbon capture and storage. For
the 2018-2100 period, water consumption increases by 100.5% for a 1.5-degree pathway whereas
a NDC pathway increases it by 135%. The comparative analysis asses the choice of mitigation
solutions with respect to regional water scarcity. At the end, a discussion on the relevant
sustainable development goals (2, 6, 7, 13, 15) is presented.

http://doi.org/10.54337/ijsepm.8159

1 INTRODUCTION

By the middle of this century, our global energy and
land system must have reached neutrality in terms of
carbon dioxide emission with efforts towards reaching
this goal for the remaining greenhouse gas emissions in
the following decades. This is necessary to keep the
temperature increase in the 1.5 degrees limit by 2100,
reducing the impact of climate change and the proba-
bility to cause irreversibility in the climate system. To
do so, countries have elaborated Nationally Determined
Contributions (NDC) in the framework of the Paris
Agreement (PA), for climate change mitigation and
adaptation. An increasing number of countries pledged
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(politically or through their NDCs) to meet a Net Zero
(NZ) target [1,2], where the target year ranges between
2050 and 2070. This entails moving towards a low-car-
bon economy and requires the use of Carbon Dioxide
Removal (CDR) to compensate for the residual emis-
sions. [3,4]. This would include Bioenergy carbon
capture and storage (BECCS) between other solutions
like afforestation and direct air capture and storage [5].
Nevertheless, BECCS have the potential of contribut-
ing to emission reduction while providing energy ser-
vices [6].

Alongside mitigation targets, the integration of sus-
tainable development through the UN 2030 Agenda,
adopted the same year as the PA, is reflected in
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Abbreviations

ANNCOST Total Annualized cost

AR6 Assessment Report 6

BAU Business as usual

BECCS Bioenergy Carbon Capture and Storage

BW Brackish Water

CCS Carbon Capture and Storage

CCUS Carbon Capture Utilization and Storage

CDR Carbon Dioxide Removal

CH4 Methane

CLEW Climate Land Energy and Water

CO2 Carbon Dioxide

CSA Central and South America

EEU Eastern Europe

EJ Exajoule

ETSAP Energy Technology Systems Analysis
Program

FAO Food and Agriculture Organization

FW Fresh Water

FWw Fresh water withdrawal

GAEZ Global Agro-ecological zones

GCAM Global Change Analysis Model

GDO Global Drought Observatory

GDP Gross Domestic Product

GHG Greenhouse gases

GIS Geographical Information System

GW Ground Water

IEA International Energy Agency

IGCC Integrated  Gasification combined
Cycle

IGCCC Integrated Gasification combined Cycle
consumption

IGCCW Integrated Gasification combined Cycle
withdrawal

IPCC Intergovernmental Panel on Climate
Change

IRENA International Renewable Energy Agency

MAGGIC  Model for the Assessment of Greenhouse
Gas Induced Climate Change

MW municipal water

N,O Nitrous Oxide

NDC Nationally Determined Contribution

NPV Net Present Value

NZ Net Zero

NZE Net Zero Emission

OCDE Organisation for Economic Co-operation
and Development

PA Paris Agreement

PBL Planbureau voor de Leefomgeving

PJ Petajoule

RES Reference Energy System

SDG Sustainable Development Goal

SSP Shared Socioeconomic Pathways

SW Saline Water

TIAM-FR  French version of TIMES Integrated
Assessment Model

TIMES The Integrated MARKAL-EFOM System

USA United States of America

WEU Western Europe

WGIIL Working Group 3

NDC:s [7]. It would ensure a larger and sustainable port-
folio of mitigation solutions, helping in their success
considering aspects of the economy and society This is
essential to the resilience and adaptation of societies
face of climate change [8]. It impacts lead to persisting
and definitely increasing problems like water and food
security, mental and physical health, reducing economic
growth in some regions creating additional disparities
and contributing to conflicts and humanitarian crises.
In fact, some countries are facing severe water issues
putting people’s lives at stake. Somalia is facing the
worst drought year following 5 consecutive seasons of
low rain [9], affecting the agriculture sector, creating
food insecurity and economic losses, and the health sec-
tors leading to “higher-than-normal deaths”. In 2023,
France faced a drought summer with 80% of its water

reserves at lower levels than the usual amount, involving
some stringent measures on water use [10]. According to
[11], Greece faces pressure on water supply for crops
(wheat and barley) because these plants’ water needs are
not met due to drought. These issues can be exacerbated
when failure in reaching the Sustainable Development
Goal 13 (SDG13) on climate action occurs [12,13].

The Food and Agriculture Organization (FAO), the
custodian agency for 21 indicators of SDGs 2, 5, 6, 12,
14 and 15, tracks the water relevant indicators. SDG6 is
about “clean water and sanitation for all” and compro-
mises 6 different targets and 11 indicators [14]. The
fourth target discusses water use efficiency and with-
drawals of freshwater.

Water stress has been increasing since 2015 for some
regions, especially in Northern Africa which already has
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a 120% level of water stress surpassing all other regions
(Figure 1). Globally, it has increased by 0.3% with a small
improvement in Central and Southern Asia and a safe and
maintained levels in Europe and Northern America.

In the main axes of national strategies for sustainable
development, it became important to bring a radical
transformation in the policies related to the water,
energy and agriculture sectors while considering food
security. In the energy sector, almost all electricity pro-
duction and fuel extraction processes require large
amounts of water. The water sector also needs electricity
to extract, treat, transport, desalinate, pump and heat
water. In agriculture, energy and water are needed to
provide food. The linking between sectors is consistent
with the 2030 Agenda for Sustainable Development,
paragraph 5 of the declaration of its adoption. [16].

Although the strategies related to emissions neutrality
and the urgency of the climate situation impose an accel-
erated phase-out of fossil fuels, the world’s consumption
still relies massively on them [17]. In the Net Zero
Emissions (NZE) scenario of the International Energy
Agency (IEA) [18], fossil fuels are still used in 2050 in
the production of non-energy goods and in “hard-to-
abate sectors” like food production, long-haul aviation
and heavy industry such as steel and cement [19].
Hence, as part of the decarbonization of the energy
sector, power plants can be equipped with carbon cap-
ture and storage (CCS) which increases water consump-
tion immensely. Indeed, water is used in the capture
phase, where CO?2 is separated and captured from pro-
cess emissions [20].

world B

Northern America [
Northern Africa [
Least Developed Countries (LDCs)
Latin America and the Caribbean &8
Landlocked developing countries (LLDCs) &
Europe
Eastern Asia and South-eastern Asia
Eastern Asia
Central Asia and Southern Asia [l

Australia and New Zealand [

Furthermore, another use of water is energy crops to
produce bioenergy and biofuels. Traditional biomass
provides 7% of energy use and biofuels accounts for
1% but the former would fall to zero leaving place to
modern biomass (for example from agriculture and
forest residues, solid waste) by 2050 according to the
IEA-NZE scenario [18]. In fact, sustainable production
and use of biomass are needed for addressing both the
reduction of the CO, emissions and the competition
and pressure on land and hence food security. The
future plausible impacts of energy crops regarding
water needs and/or irrigation has been identified for 6
global energy scenarios in [21] by accounting for the
evapotranspiration from the energy crop production. It
was noted that a “high growth” in population and eco-
nomic activity scenario with rapid technological devel-
opment in nuclear and renewable energy replacing the
conventional electricity production, would require the
highest volumes of water. Only in this scenario, energy
crop evapotranspiration surpasses the average esti-
mates of evapotranspiration from global cropland
(6800 km? per year) by around 13% at the end of the
century. When combined to a food sector scenario, [22]
found that water use is sixfold higher than current
levels, and when applying stringent constraints on
water and land availability the global supply of irri-
gated biomass is reduced by 25%.

The evolution of the energy system and setting the
relevant boundary conditions can be done with Integrated
Assessment Models (IAMs) that allow multi-lateral con-
nections with other sectors [23]. For instance, in the

M Year 2019
B Year 2015
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Level of Water Stress (%)

Figure 1: Evolution of the level of water stress: fresh water withdrawal as a proportion of available water resources by region in % related to
the indicator 6.4.2 (Based on data from [15])
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electricity generation sector, studies on TIAM-FR
[24,25] and MESSAGE [26] models, implemented
power plant cooling technologies to evaluate future
water withdrawals trajectories. In a cost minimization
approach with TIAM-ECN [27], the authors considered
the water-energy nexus and demonstrated that the type
of cooling technology impacts the water needs as much
as the type of technology used. Also, in [28], GCAM
model is used to assess future water demand under dif-
ferent cooling technologies adoption. However, these
studies did not focus on water use with negative emis-
sions technologies which role is being increasingly rec-
ognized in net zero emission pathways. In this context,
the focus here is made on BECCS contribution in decar-
bonization and water consumption alongside CCS
technologies.

Nevertheless, techno-economic optimization can be
enriched by technical studies on energy and water like
the assessment of the water footprint of bioenergy or the
change in water availability. In [29] a GIS tool assesses
Croatia’s biogas potential from lignocellulosic biomass.
This can be used to account for water needs if hydrolog-
ical data is considered, hence choosing the correct time
and space that reduces water consumption while pre-
serving biogas production. Moreover, water and energy
models can be linked like in [30], allowing analysis of
hydroelectric changes and the impact of water supply
and economic growth on hydropower under different
scenarios. Currently, adopting an integrated framework
on Climate, Land, Energy, Water (CLEW) in models is
gaining momentum due to their usefulness in better
assessment of strategies to achieve SDGs [23,31].

The energy and water sectors transition to low emis-
sions is deeply intertwined, more water would be needed
to achieve the energy transition while more energy
would be needed for water supply with the increase of
water demand given the climate change impacts. In this
context, this study fills some research gaps regarding the
consideration of water needs given both net zero emis-
sion targets and the future use of negative emission
technologies as complementary solutions to renewable
energy.

First, this study aims to address the new climate com-
mitments NDCs and the PA focusing on the mitigation
solutions in the energy sector such as BECCS and power
plants equipped with CCS and the associated water use
in these processes. This highlights the long-lasting and
additional role of this natural resource as part of the
water-energy nexus. For these purposes, it was

necessary to describe the set of equations related to allo-
cation of water withdrawal and consumption by type of
power plant and cooling technology. The water alloca-
tion module is used to account for water uses in the
extraction of fossil fuels (coal, oil, and gas) and in power
plant cooling, gasification, and carbon capture. Water
consumption from hydropower, which comes from
evaporation, is not considered here because of the uncer-
tainties for such accounting. Indeed, dams are used for
other purposes than electricity like for agriculture and
flood control. Also, the representation of the bioenergy
sector presents the possibilities of decarbonization
through biomass and CCS. In consequence, the influ-
ence of adopting net zero emission policies is investi-
gated by considering carbon removal in the bioenergy
sector (electricity and biofuel). The changes in the
energy sector under these constraints denote that switch-
ing to electrification through nuclear, renewable energy
and the use of CCS requires high volumes of water.
Second, and a novelty of this research, would be in iden-
tifying the water-energy linkages according to sustain-
able development. More explicitly, relevant SDGs are
explored with respect to the linkages between water and
energy that are analyzed in this study.

The paper is organized as follows: the method section
includes the explanation of TIAM-FR representing the
global energy system and the main assumptions regard-
ing bioenergy and water in this model. The results sec-
tion focuses on the energy and electricity mixes, and the
carbon capture in the bioenergy sector. Water use is then
showcased with a regional overview including, but not
limited to, regions with intense water stress. An analysis
on the water-energy nexus is developed in the discussion
before concluding on the main outcomes of this study.

2.METHOD

This section presents the bottom up, long-term energy
system model TIAM-FR used for the analysis. Then, a
focus is made on the representation of biomass in this
model. The water allocation is described on the level of
cooling technologies, gasification, and CCS. The sce-
nario development related to climate policies, biomass
potential and economic growth are elaborated.

2.1 Modelling Framework

Long-term energy optimization models rely on mathe-
matical techniques, representing techno-economic sys-
tems and the interactions with the environment, hence
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their impact on the climate. Through energy system
analysis, it is possible to plan future investments and
determine the related emissions which are in this case
CO2, CH4 and N20. Based on these results, policy rec-
ommendations can be provided.

TIAM-FR, the French version of the TIMES
Integrated Assessment Model, representing the world
energy system is used, TIMES being a methodologi-
cal corpus developed under the IEA’s Energy
Technology Systems Analysis Program (ETSAP)
[32]. This bottom-up, perfect foresight and partial
equilibrium optimization model gives a detailed
description of technologies and end-uses constituting
the Reference Energy System (RES) linking the dif-
ferent sectors (residential, transport, agriculture,
industrial, commercial) constituting the world energy
system in 15 regions (Figure 2). TIAM-FR is verti-
cally and horizontally integrated model where the
technologies are linked together by their inputs and
outputs to constitute the energy system. For example,
in oil extraction, the ground reserves are represented
as processes and have heavy oil from the ground as
output commodities. In turn, heavy oil is the input of
the production process of crude oil.

The model is driven by end-use demand. To deter-
mine exogenous projection of service demands in the
different sectors, the Shared Socioeconomic Pathways
(SSP) are used as drivers. These are narratives to exam-
ine how the global society, demographics and econom-
ics might evolve.

Through linear programming, the model uses cost
minimization described in Eq. (1) through the horizon
and perimeter of the study, determining the combina-
tions of technologies and policies considered [33].

min(NPV) = min(ZZ(l +d,,)"" - ANNCOST(r, y)j

reR yeY

(1)
Where:

*  NPV: net present value of the total cost for all
regions (the TIMES objective function)
*  ANNCOST: total annual cost in region r and

year y

*  D: general discount rate

* T, reference year for discounting (2018 for
TIAM-FR)

e Y:set of years for which there is a cost

Region TIAM
O AFR

® AUS
@ CAN
®CHI
@®CSA
[ 3330}
® EXCLUDED
OFsSU
@®IND
@ PN
O MEA
® MEX
®ODA
SKO
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WEU

Region Name

AFR Africa JPN Japan

AUS Australia MEX Mexico

CAN Canada MEA Middle East

CHI China ODA Other Developing Asia
CSA Central and South America SKO South Korea

EEU Eastern Europe USA United States of America
FSU Former Soviet Union WEU Western Europe

IND India
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Figure 2: TIAM-FR regional representation
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The annual cost, ANNCOST(r, y), is linked to each
year of the horizon and even for some years outside
the horizon. These costs (in some cases revenues)
include capital costs from investing into or disman-
tling processes, maintenance, and operation of pro-
cesses, and delivery costs for commodities. Other
economic parameters are the economic life of a pro-
cess and its discount rate, both used to determine the
annualized payments on the process investment
cost [33].

2.2 Biomass

Biomass can be used as primary resource or trans-
formed: feedstock and fuel in the chemical sectors,
resource for the fuel in transport (aviation, cars etc...),
and replacing natural gas by biomethane when buildings
cannot be renovated [34]. Furthermore, in the power
sector, biomass coupled to carbon capture and storage
(BECCS) provides negative emissions.

Several energy crops are available as resources
alongside their potential found by estimating the land
available and retrieving crop productivity. The GAEZ
[35] provides land resources by type of land cover
(cropland, grassland...) and agro-climatically attaina-
ble yields by country and crop. To determine the
potential for energy crops, land availability is esti-
mated under different considerations [36]. First, pri-
ority is given to food production to avoid eventual
food security issues. Second, the exploitation of
forest wood is limited to a level below the natural
increase of forests defined by the Gross Annual
Increment [37], and no deforestation for bioenergy
purposes is set by maintaining forest areas to their
level in 2010.

Some of the biomass available accounted for in the
model are wood and forest residues from transformation
activities, agricultural residues from harvesting and
from transformation activities. Biomass trade across
regions is also possible representing the possibilities to
deploy bioenergy to reduce the emissions and achieve
the climate targets.

The parameters related to the potential of biomass
land occupation, transformation and conversion to
electricity and fuel, and 3 biomass expansion
assumptions are available as Supplementary
Materials. The assumption for biomass expansion
used here assumes maximum technological progress
and rapid technological uptake for both scenarios
detailed in section 2.4.

2.3 Water

In TIAM-FR, water is integrated in the energy sector
through “water withdrawal”, the quantity of water that is
“withdrawn” from a water source to be used, temporar-
ily or permanently as “water consumption”. Note that
water consumption is the part of water that is not
returned to the source after being withdrawn. It could be
evaporated or incorporated into a product.

The updated “water module” [25] is used to identify
upstream water consumption and withdrawal using a
“commodity” driven approach. The “process” approach
is a second way to determine the water use only in elec-
tricity production.

2.2.1 “Commodity” driven approach

The amount of used water (consumed and withdrawn) is
modelled as output per unit of energy produced (in m3/
PJ). Water uses in the downstream electricity generation
are for cooling systems, heat transfer fluid, emission
control and gasification processes. In the cooling part,
open loop systems can use brackish water (BW), fresh
water (FW), ground water (GW), municipal water (MW)
and saline water (SW). For other processes, only FW is
considered. It was necessary to allocate water factors to
account for water uses necessary to release the heat from
the technologies in TIAM-FR while using information
of water uses in the literature. To do so, the required
parameters to be known are:

*  The power plant efficiency p which depends on
the type of the plant and the fuel used. Also, this
parameter is related to the cooling system flow
of the power plants that determines the amount
of water withdrawn and consumed.

*  Share of cooling systems (open, dry, wet closed)
according to the installed capacities of types of
power plants in different world regions where
they are put in place. The shares are obtained
from Platts database and [38] and the installed
power generation capacities are from [39].

*  Parameters as the allowed temperature increase
of the water between upstream and downstream
of the power plant.

1. For open loop Cooling systems: water withdrawal
needed to release the heat.

The heat Q to be released from power generation is cal-

culated according to eq (2). Water is part of the cooling

system, but it is modelled as output commodity resulting

from the power generation processes which allows
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obtaining the related uses as a result. To facilitate this
accounting, water factors are allocated to these pro-
cesses in TTAM-FR.

1-p,
th Wy o)
pth " ()

Q = wcirculating.cPAT =
Where @, 1 the water flow, Q is the heat to be
released by the cooling system related to the efficiency
P, and the mechanical work W, .

wwithdrawal — 1- pth . 1 (3)
W Py cpAT
Where @, ;... 15 the water flow in the cooling system,

cp is the water specific heat and AT the authorized

increase of temperature.

Consumption of open loop systems accounts for 1%
of the withdrawal.

2. For wet closed loop cooling systems, withdrawals
are needed to maintain a constant flow in the
system whereas water is consumed as losses from
evaporation and by blowdown.

wconsumptian — 1_ p th . f}atent (4)

Wy P h e

h e is the water latent heat and £, rate of the heat trans-
fer made by evaporation. A portion of the cooling water
need to be replaced by make-up water for conservation
of the concentration # of minerals and avoiding damages
to the condenser and cooling system due to the
minerals.

wwithdmwal _ n . a)cansumption

W, n-1 W, )

c. For Dry closed loop:
withdrawal.

no consumption or

In power plants with integrated gasification, the water
need is for the cooling system and the gasification
process. Then different water factors are calculated.
First, the water flux needs is required for a set of 4
representative plants found in [40] and the average
water quantities used Integrated Gasification com-
bined Cycle withdrawal (IGCCW) and consumption
(IGCCC) are calculated. To do so, for cooling in the
power plants, the average water factor is obtained by
~ Pu
pth

multiplying the water quantities by while

applying a simple arithmetic mean and for the gasifi-

cation part, it is set proportional to the efficiency of
the power plant (multiplying by p,,).

The actual water factors of the technologies in
TIAM-FR are obtained from the equations below:

1-p, ,IGCCWg

Withdraw IGCC,, = IGCCW cool x

Pu i P

(6)

Withdraw IGCC,, = IGCCW coolx = Pu | TGCCHE
Pu i Pt

(7)

Where i represents the type of combustible (coal or bio-
mass) and / the region.

Hence, two water factors (withdrawal and consumption)
of different kinds of water are allocated to each power gen-
eration processes for each region of the model (as an exam-
ple for BECCS, Figure 3). Note that CO, emissions from
bioenergy are captured up to 90% due to the efficiency of
the capture process and the remaining are not considered as
emissions since they are biogenic emissions.

2.2.3 “Process” driven approach

The second way is a “process” approach where the
output commodity Q is allocated as input for cooling
technologies, representing the amount of heat that must
be discharged in the cooling system by type of power
plant (combined cycles operating with gas, steam

| =
2 3
g T\ &
el
o i | o o~
Biomass power {—{— [ 2| 3
plant with carbon § 3
capture and =
storage S

)

Figure 3: BECCS reference energy system with water module.
FW?* = Fresh Water, *C = Consumption, *W = Withdrawal,
Q = heat to be discharged
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Figure 4: Example of RES representing the process approach.

turbines using subcritical coal etc.). Figure 4 represents
a RES of this approach which is only used for invest-
ments in new power plants.

The commodity Q corresponds to the quantity of
residual heat to be evacuated at the level of the con-
denser. Then Q can be determined according to the
activity of the power plant i which uses the resource & in
region /.

_ =0y ik

Qi,k,l = xW, ik,
P i

@®)

In this method, the amount of waste heat Q is set to be
zero in form of a constraint. The heat values are set in a
similar way to the commodity approach, for each region.
It should be noted that wet and dry closed loop cooling
systems require electricity related to the heat discharged
which is made possible in this approach. This approach
also leaves the choice to the model to choose the cooling
system by setting upper and lower bounds on the cooling
type. This allows the implementation of a policy support
for example for closed loop cooling systems...

2.4 Scenarios development
This study includes one scenario following the NDCs
emission pathways and one following the Paris Agreement.
The description of each scenario design is as follows:
NDC scenario: Theupdated NDCs [41] as of November
2022 were gathered and aggregated according to the 15
TIAM-FR regions. The total emissions expected in 2030
are calculated by using the targets obtained from the NDC
documents. Also emission datasets [42,43] to obtain the
base year emissions. After calculation, the emission
values for 2030 are set as the upper limit for emissions till
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the end of the century. Net zero targets are included in
NDC for countries and regions that align their actions
with the Paris Agreement’s goal of limiting global warm-
ing to well below 2°C above pre-industrial levels, aiming
for 1.5°C. Net zero countries considered in the modelling
are found in table 1. Note that their commitment to net
zero might be more recent than November 2022. Also, for
non-annex | parties, it is possible to use the base year
emissions found in their Biennial Update Reports (BURSs)
[44] or National Communications (NCs) submissions
[45] for more updated values.

The shared socio-economic pathway SSP4-3.4 as
implemented in the GCAM4 model [46] is chosen as
driver of the demand projections. According to the sum-
mary on CMIP6 [47], this scenario tries to “explore the
space between scenarios that generally limit warming to
below 2C (RCP2.6 / SSP1-2.6) and around 3C (RCP4.5
/ SSP2-4.5) by 2100. It will help scientists better assess
the impacts of warming if societies rapidly reduce emis-
sions but fail to mitigate fast enough to limit warming to
below 2C”. This is coherent as the emissions pathways
under current commitments and actions are far from
achieving this temperature growth limitation [48].

PA scenario: A stringent climate scenario denoted “PA”
is developed in this study and aims to be compliant with the
Paris agreement. In that sense and according to the [PCC,
net zero carbon emissions must be reached around mid-cen-
tury for a temperature increase of 1.5°C, with a 50% prob-
ability of respecting this limit, the remaining carbon budget
would be 500 GtCO2 from 2020 and 1,150 GtCO?2 for a
67% probability of a temperature increase limited to 2°C
[8]. However, IPCC states that the impact of the remaining
global warming forcers on the CO, budget also depends on
the related human mitigation choices in non-CO, reduction
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and present uncertainties related to the Earth’s physical
processes and systems. For that reason, the carbon budget
is not implemented here. Instead, a constraint on a
1.5 degrees temperature change by the end of the century is
used in the TIAM-FR climate module. Note that for this
scenario the SSP1-26 economic and climatic driver is
chosen. The model’s climate module uses a linearized
approximation of the forcing equations of the radiative
forcing from the atmospheric CO,, CH, and N,O [49]. In
addition, the processes for non-CO2 emissions follow an
emission pathway of RCP2.6 calibrated according to
MAGGIC [50] climate emulator. Table 1 provides a sum-
mary of the main assumptions for these scenarios.

3.RESULTS

This section presents an overview of the main results
regarding the energy supply, electricity production and

emissions removal through BECCS. It provides a com-
parison between different emissions pathways repre-
sented by the NDC and PA scenarios. Water use on a
global and regional scale for these two scenarios has
been also presented.

3.1 Energy supply, emissions, and removals

In the NDC scenario, primary energy supply is domi-
nated by oil, gas, and coal in 2030 and 2050 represent-
ing 75% and 60% of the energy supply respectively
whereas it reaches 35% in 2050 for the PA scenario.
The demand in NDC scenario is filled by natural gas
mostly while the bioenergy sector supply peaks between
2060 and 2080 (figure 5). This is not the case for the
PA scenario, where biomass supply is stable at around
260 EJ and drops to 212 EJ by the end of the century
(figure 6).

Table 1: Summary describing the developed scenarios’ climate and economic assumptions.

Scenario  Narrative Climate policy assumptions Demand Drivers (GDP,
name growth of sectoral
2030 strategy Long-term strategy energy demand)
NDC Emissions to 2030 are constrained ~ Constraints on emission Net zero emissions by 2050 SSP4-3.4
according to NDCs. Only coun- evolution as declared in the ~ for USA, Australia, Europe,
tries with NZ targets are assumed ~ NDC registry till 2030 for Brazil, Canada, Japan, South
to reduce their emissions after all countries. Korea. China and India have
2030. The remaining regions are carbon neutrality target by
stabilized at 2030 levels. 2060 and 2070, respectively.
PA Limitation on temperature to keep ~ Emission evolution up to Global temperature increase SSP1-2.6

warming below 1.5°C.

2030 and net zero emissions

by 2100 is limited to 1.5°C

are kept as upper constraint.
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Figure 5: Primary energy supply - NDC scenario.
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Figure 7: Electricity generation in 2050 for the two studied scenarios.

In all scenarios, the electricity sector shows a switch to
gas coupled to CCS and a substantial increase of BECCS.
Certainly, renewable energy plays a prominent role in the
transition to low emissive power generation sector but
develops the fastest in the PA scenario for the electricity
mix in 2050 (Figure 7). Coal use in electricity generation
almost disappears from this mix whereas it remains in both
scenarios representing current policies while oil and gas

International Journal of Sustainable Energy Planning and Management Vol. 40 2024

electricity generation remain present in all three scenarios
by 2050. Its share remains the lowest in the PA scenario.
The bioenergy sector profits from negative emissions
by CCS with 2" generation biofuels. Biodiesel is pro-
duced through fast pyrolysis with logging residues (ligno-
cellulosic biomass) with CO2 capture. In both scenarios,
biodiesel with CCS, however, appears around 2050 at a
higher level in the most constrained scenario than in NDC
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scenario (figure 8) where biodiesel without capture is
deployed. Bioethanol with wheat straw technology also
appear starting 2030 including CCS. First generation eth-
anol continues to be present using corn crops, with carbon
capture and two technologies for second generation
bioethanol are invested. Biofuels with CCS represent 31%
of the total BECCS in 2050 while this negative emission
technology accounts for 11% of the total carbon capture in
the PA scenario. Biomass for electricity dominates the
carbon capture development in the bioenergy sector.

Note that biomass also contributes to the decarboniza-
tion of the industrial sector through biogas (with or with-
out carbon capture) and biochar (in combination with the
use of coal for the latter) but are not represented here.

3.2 Water
Until 2050, water consumption growth similarly in NDC
and PA scenarios with a total consumption being of

9000

8000

7000

6000

5000

4000 |

3000

2000

1000

0

2030

71.4 km? and 69.25 km? respectively. From 2050 onward,
the consumption keeps rising in PA scenario but at slower
rate than for NDC (Figure 9). Indeed, an increasing require-
ment is determined in 2100, with respect to the base year,
of 132.5% and 100.5% for NDC and PA, respectively.
The main differences in freshwater consumption of the
energy sector are first due to the [GCC power plants (up to
6.4 km® in NDC and 3.36 km? for PA in year 2100).
Biomass prevails in the NDC trajectory until the end of the
century whereas it is dominated by renewable energy in the
PA alongside natural gas with CCS. The fossil fuel primary
energy represents 25% of the total water consumption in
the NDC scenario compared to only 20% in PA. Global
water consumption in 2030 from IEA NZE [51] amount for
66 km? are comparable to these values (figure 9).
Considering the energy mixes at global level, the
switch to electrification anticipated in both scenarios
will have different regional water uses. The reduction in
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a)- Fresh water withdrawals in 2050 for NDC scenario
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Figure 10: Regional Fresh water withdrawals in 2050.

freshwater withdrawal (FWW) is noticeable between
NDC and PA in Canada, Russia, and Western Europe
whereas it remains similar for the USA and Eastern
Europe and increases for China (Figure 10).

Emission reduction actions impact the water use
across regions differently (Figures 10, 11) Africa, India
and Middle East are three regions with water scarcity.
The results of the PA scenario in 2050 show a decrease,
with respect to NDC scenario, in water withdrawal from
around 26 to 13 km? and 37 to 15 km?3 for Africa and
India, respectively. Water consumption shows a similar
pattern. For the Middle East, the water consumption and
withdrawal rise in the PA scenario. The difference is
most significant at the end of the horizon (Figure 11)
where water withdrawal attains around 16 km? in the PA

compared to 2.5 km? in NDC. The freshwater consump-
tion in the upstream sector in this region decreases in the
PA but is compensated by an increase in consumption in
electricity generation to reach around 10 km? in 2100.
The results are comparable with the data found in [52].

4. DISCUSSION

Based on these results, several points can be raised. The
Paris Agreement involves an electrified energy system
dominated by renewable energy and relying on carbon
capture technologies inducing a significant increase in
water use. In fact, starting mid-century, a sudden change
in withdrawals and consumptions patterns suggests that
climate change mitigation must consider the use and
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Figure 11: Water use in km? across TTAM-FR regions in 2100 for NDC and PA scenario.

availability of natural resources such as biomass and
water, that can become harder to manage. Bioenergy
provides a complementary opportunity to reduce emis-
sions especially in the PA scenario from the beginning of
2030, in electricity and transport sectors where invest-
ments shift towards higher efficiency technologies (gas-
ification) and using harvest residues in 2" generation
ethanol production.

Limiting the emission reductions to the NDCs trajec-
tory, the situation of water use might be less critical than
a Paris Agreement scenario for some regions like Middle
East (Figure 11). In fact, water consumption in this oil
and gas rich region is mainly due to the inevitable
investments in carbon capture to decarbonize the energy
system. Nonetheless, the PA scenario for Africa, where
renewable energy is leading compared to CCS, results in
less freshwater withdrawals. Regions with net zero
emission targets including, but not limited to, Northern
America, Europe (which water stress increased from
2015 to 2019, figure 1) and China would require atten-
tion to reduce water withdrawals since the use of this
resource is needed in their transition to lower emission
from electricity, fuel, and heat production. For instance,
the strategies for China do consider the reduction of coal
use but consider the case of energy saving and renova-
tion of these power plants [53,54]. In regions such as
Africa, India and Middle East, better policies that sup-
port the use of efficient water technologies in the energy
sector are recommended. An important remark was

identified through the results (Figures 7, 9, and 11) con-
cerning the impact of switching to an electricity-based
system based on low-emission technologies. Such
system implies less variability across consumption sce-
narios when compared to withdrawal.

The interlinkages of the goals of the UN 2030 Agenda
must be considered and could guide the choices and vali-
dation of solutions in relation to SDG13 reducing the
negative impact on the other goals of the agenda, namely
SDG6. Implementing SDGs in the national climate com-
mitments would ensure a comprehensive transition to
low-emission energy systems. As carbon dioxide removal
will take an important part of the decarbonization of the
energy system, these processes are water intensive and
would pose pressure on land use (SDG15) and food secu-
rity (SDG2). For example, bioenergy and BECCS contrib-
utes to access to energy (SDG7) while reducing the
emissions (SDG13). However, they require massive use of
lands and enter in competition with food crops. The solu-
tion would be to switch to sustainable practices like limit-
ing land use to already exploited parts and resorting to
using residues from forestry and agriculture sectors.
However, CDR can involve natural climate solutions like
reforestation, biochar in agriculture, agroforestry, coastal
restoration. All these solutions would improve elimination
of GHG emissions while having additional benefits.
Indeed, these measures would restore ecosystems, while
providing up to 37% by 2030 and 20% by 2050 of GHG
mitigation [55]. For example, coastal methods can improve
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the situation of wetlands where ecosystems monitoring
through SDG 6.6.1 shows that 21% of the world’s basins
are experiencing rapid changes in the area covered by sur-
face waters. A study using a bottom-up type energy system
model evaluated the attainability of net zero by 2050 with-
out CCS for Thailand. It showed the requirement of rap-
idly increasing renewable energy (wind, solar, biomass),
the installed capacities and the role of the land sector as
carbon removal solution to this target [56]. In parallel,
studies focusing on life cycle assessment like [57] would
be very useful for the choices in clean energy projects.
Indeed, a multi-objective optimization model is able to
arbitrate between profit and environmental maximization
for an algal biorefinery by arbitrating. It appears that the
transesterification process is the most water-intensive part
of this process. Impacts on water-related categories are
found such as water consumption (human heath, terrestrial
and aquatic ecosystems), freshwater (eutrophication, eco-
toxicity) and global warming (freshwater ecosystems).

5. CONCLUSION

Climate change mitigation imposes drastic measures
related to decreasing greenhouse gases emissions so that
the global warming is kept within the 1.5°C limits. This
is translated into net zero carbon emissions by mid-cen-
tury. The current commitments put in place through
NDCs implement net zero targets for some regions but
are still not well aligned with the Paris Agreement goal.
In this study, the key issues related to water were under-
lined in context of the transition to a low-emission
energy sector. The relation between the energy sector
and water is eminent in the electricity sector, but also in
bioenergy and in negative emissions technologies. While
comparing the NDC and the Paris Agreement scenarios,
it seems that 2"¢ generation biofuels would be used keep-
ing in mind that land use constraints were included in the
scenarios. These biofuels present a low water footprint.
Carbon capture is necessary in power generation to pro-
vide enough emission reduction, but it increases the
pressure on the water supply. Water withdrawals impose
a major limiting factor for electricity and fuel production
when water resources are scarce. The water consumption
would reduce the overall amount of water that is availa-
ble for different users and sectors. Thus, water use from
this sector is a challenge that impacts the plausibility of
future mitigation solutions deployment. Considering
Sustainable Development Goals became essential to
ensure the feasibility of these mitigation policies and

actions and the preservation of different resources and
people’s resilience to climate change at a broader level.
Nonetheless, this study presents some limitations related
to accounting for water use in the renewable energy
sector, for example in hydropower and solar (the case of
concentrated solar power). Moreover, the biomass supply
(from agriculture, forestry, and other land use sectors)
which is disaggregated in all available crops for bioen-
ergy does not incorporate water consumption. This is
under development and allows expanding the evaluation
and assessment of water linked to energy by including
other water uses like water for irrigation.
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