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The purpose of this document is to provide a reference guide as documentation for the software prototype
developed in task 4.4 of work package (WP) 4 in the NEGEM project. The tool is implemented in General Algebraic
Modeling Systems (GAMS), which is not an open-source software, but it easily interfaces with commercial
solvers, allowing the institutional partners in the project to access the software. This documentation does not
provide a full algebraic model formulation covering parameters and equations for enhancing brevity. A complete
version of the model documentation is to be presented alongside the scenarios explored in Deliverable 4.5 to
include scenario-specific constraints in addition to the general model formulation. Nonetheless, the key model
components, their functionalities, technology description, and constraint formulation, are covered in this
documentation on the software prototype.

The core functionality of the tool is to generate member state-specific pathways for the deployment of negative
emissions technologies and practices (NETPs) based on targets for carbon dioxide removal (CDR) and geophysical
constraints. The prototype offers the capacity to include multiple NETPs with different system dynamics in a
general modelling framework to explore different modelling scenarios. The tool provides insights on deployment
pathways and their overall performance as measured through key performance indicators (KPls) related to cost
and environmental impacts.

The prototype features NETPs such as afforestation, bioenergy with carbon capture and storage (BECCS), direct
air carbon capture and storage (DACCS), and enhanced weathering (EW). The modelling framework is currently
undergoing further development to include other NETPs such as biochar and soil carbon sequestration (SCS),
with their associated datasets being developed and expanded upon Deliverables 4.1 and 4.2. In particular, these
technologies are modularised in the framework to allow multiple key performance indicators to be evaluated.
This provides the capability to integrate the inputs and outputs from work package 1 to quantify the
environmental performance of the NETPs in a harmonised approach.

The use of the software prototype, together with the techno- and bio-geophysics databases can be used to
explore member state-specific CDR deployment under various constraints. This can quantify the collective
capability of EU member states to contribute towards the global CDR budget. Moreover, these scenario
investigations provide insights into technology and policy barriers that constrain the deployment rate of NETPs.
Thus, helping to develop targeted policy around process and technology intensification to mitigate any
environmental and economic risks. Deliverable 4.5 will present analysis of a wide range of scenarios based on
different member-state specific CDR ambitions and constraints on technology build rates to inform EU policy on
the subject.
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1. Introduction

The aim of this document is to provide a reference guide for the tools and software developed in this project.
This section contains a detailed overview of the interaction between a user and the prototype release in GAMS
along with the methodology for tailoring the models for application to any specific case study. In GAMS, models
are constructed in an abstract manner where the model data is separated from the model to enhance reusability
of the model equations without the need for extensive modification with each use'. This style was adopted for
the development of the software tool in this project to reduce the development time associated with
investigating multiple scenarios.

The GAMS modelling environment consists of four key model entities: Sets, Parameters, Variables and Equations.
Sets typically contain a list of items. Parameters contain known values of metrics that are often indexed by
components in the sets. Variables are used to describe often unknown/ varying entities in the physical systems
during a simulation or optimisation. Equations are used to describe both equality and inequality constraints that
apply to the system being studied. The equality constraints (model equations) are strictly enforced and usually
do not vary across different scenarios as they represent fundamental relations governing physical flows in the
system. But a user may interact with inequality constraints in the model more often than the equality constraints
when studying multiple scenarios and optimising the system. For example, if the objective function of an
optimisation of the software tool prototype is to minimise the costs of CDR deployment, the model solver would
aim to find the least cost solution that satisfies all the optimisation constraints. Here, examples of inequality
constraints in the model include EU member state-specific CDR targets (i.e., the amount of CDR deployment by
a member state must exceed its national targets). These targets may vary from one scenario to another
depending on the total global CDR quota met by the EU, and how they are shared locally.

All users of the model prototype are expected to be able to interact with the modelling environment directly to
run multiple scenarios. This document is targeted at both “developers” and “users” alike to benchmark and
record the key model components. The document is not intended to be a comprehensive reference of the entire
model as the final version of the tool will evolve over the course of the NEGEM project, by incorporating feedback
from additional scenario analysis and development, especially within task 4.5.

I Fore more information on GAMS, refer to the following documentation: https://www.gams.com/latest/docs/
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2. Model Sets

2.1 Gridcells
The spatial representation uses a mathematical set in which the elements represent all the potential locations in

the overarching spatial region of interest. Ultimately, the number of grid cells in the region is a function of the
granularity of dataset and the desired level of spatial aggregation to characterise regional variations in key
modelling parameters. For example, the level of precipitation and the general climate depends on the location,
and a coarse aggregation of space may overlook the regional differences in the climate and may generate
inaccurate estimates of biomass growth.

AT Austria IT [taly

BE Belgium Lv Latvia

BG Bulgaria LT Lithuania
HR Croatia Lu Luxembourg
CY Cyprus MT Malta

o Czech Republic ML Metherlands
DK Denmark PL Foland

EE Estonia PT Portugal

Fl Finland RO Romania

FR France SK Slovakia

DE Germany sl Slovenia

EL Greece ES Spain

HU Hungary SE Sweden

IE Ireland UK United Kingdom

Figure 1: 28 grid cells used in the simulation and optimisation model prototype to represent the geographical region of EU.

The model prototype uses a set of 28 cells (see Figure 1) with each cell representing a member-state in the EU
(in addition to the UK). The cells follow the natural boundaries separating each country from another, and the
overall variations in different model parameters are aggregated at a country-level. In general, open-source
Geographical Information Systems (GIS) tools such as QGIS can render highly granular datasets and aggregate
them according to approximate polygons covering a country’s borders. These GIS tools can be readily interfaced
with the model prototype to improve the efficiency of data transfer and eliminate human errors.

2.2 Ecological zones
A mathematical set is used to differentiate between the different ecological zones used in the model.

Geophysical datasets are classified according to the ecological zone, containing data on changes in forests, and
present states. The global ecological zone map includes tropics, temperate and boreal forests.

F Polar 585k Subtropical desert

Ba Boreal coniferous forest SCs Subtropical humid forest

Bb Boreal toundra woodland SCE Subtropical dry forest

B Boreal mountain systems SM Subtropical mountain systems
TeBSk Temperate steppe Tar Tropical rainforest

TeBWE Temperate desert Tawa Tropical moist deciduous forest
TeDc Temperate continental forest Tawb Tropical dry forest

TeDo Temperate oceanic forest TBSh Tropical shrubland

TeM Temperate mountain systems TBWh Tropical desert

5BSh Subtropical steppe ™ Tropical mountain systems

Figure 2: 19 global ecological zones used to differentiate between the different kinds of environments in the model prototype.
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A total of 20 global ecological zones (see Figure 2) have been defined and mapped according to the Food and
Agriculture Organization of the United Nations (FAO)", ranging from the evergreen tropical rainforest zone to the
boreal tundra woodland zone. A main principle of delineating the global ecological zones involved the
aggregation or matching of available regional ecological or potential vegetation maps into the global framework.
Many attributes (e.g., land availability) within a systems assessment framework for negative emissions
deployment are dependent on the ecological zones.

The type of climate is another mathematical set which differentiates the datasets on temperature, precipitation,
etc. The model prototype contains five different climate types as follows: tropical, subtropical, boreal,
temperate, and polar.

2.3 Land types

Mathematical sets are used to differentiate between the different types of land which can be used for various
purposes. This characterisation helps to screen regions on their capacity to deliver BECCS, EW, and other CDR
technologies. Each country has a different proportion of these land types, and this captures geophysical
constraints which determine the technical potential of certain types of CDR development in these regions. The
set elements are classified as follows: cropland, grassland, forests, marginal agricultural land, land with
reforestation potential, and land with harvested wheat.

2.4 Biomass and forest types

The model prototype considers a mathematical set to denote the different biomass and forestry types as they
have different features. The crop yield for different species varies, along with their energy content and these
factors, amongst others must be incorporated in the modelling framework to improve the accuracy of the
deployment estimates. The biomass set elements are as follows: miscanthus, switchgrass, wheat straw, willow,
forestry residues. Similarly, the forest types are characterised as either broadleaves or conifers.

Note that these resource types can be imported, stored, and converted in the different regions. These default
resource sets can be expanded with additional resources to consider a wider variety of biomass types, with their
associated techno-economic parameters.

2.5 Multiple time horizons

All the temporal parameters within the model operate with a base unit. This unit must be consistent across all
the different operations in the value chain for the model to be systematic and avoid any inconsistencies. The
base unit of time in the model is hours for calculations. A discrete representation of the time horizon accounting
for the operating window is combined with a separate, distinct investment time horizon in the model prototype.

The base unit for the investment horizon is a decade, thus investment decisions are taken once every 10-years
in the model. The minor time period is used to describe the operational decisions, such as time-dependent
production, flow, storage rates, etc. The choice of the minor time periods is dependent on the granularity
required by the system. In the model prototype, the core function of the model is to evaluate the overall CDR
deployment potential, and there are no granular constraints on an hourly or daily basis. An appropriate

i FAO global ecological zones: https://www.fao.org/forest-resources-assessment/remote-sensing/global-
ecological-zones-gez-mapping/en/
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aggregation of operational data may use months or seasons to match the granularity observed in the data on
precipitation levels, wind speeds, etc. Thus, the set of minor time periods has twelve elements with each
corresponding to a month in the year.

2.6 Performance metrics

The set of all performance metrics contain various metrics that are used to evaluate the performance of a given
CDR pathway. These metrics may be used to compute the objective function or as part of the model constraints.
For example, a set of performance metrics may contain capital expenditure, operating expenditure, together
with other metrics such as primary energy consumption, and land use. These metrics may also be relevant for
multi-objective optimisation problems when considering the development of NETPs with minimal impacts across
a range of KPIs. In particular, this enables the model to evaluate environmental impacts, by integrating the life
cycle assessments from work package 1. The model prototype computes KPIs such as land use footprint, water
use footprint, primary energy consumption, and the total cost of CO, removal.

3. Technology overview

This section presents an overview of the different NETPs covered in the model prototype along with their sub-
models and parameters.

3.1 Afforestation
Afforestation is modelled as a series of interactions between the following sub-models: forest growth, forest
management, biogenic CO, sequestration, fire-risk model, and the forestry operations model.

Within the forest growth model, forest growth rates are characterised by ecological zone, and forest type, to
account for a range of geophysical variations. Both the above-ground biomass (the vegetation above the soil,
such as stems, branches, foliage, and bark) and the below-ground biomass (i.e., the roots) are included in the
forest growth model, as well as dead organic matter.

Within the forest management model, we assume that forest stands are subject to a management approach with
minimal human intervention. Forest management maximises the CO, sequestration potential of the forest
(calculated in the biogenic carbon/ carbon sequestration model) by clearing the forest of old trees, thereby
facilitating the growth of the younger trees. This model directly determines the proportion of above-ground
biomass that needs to be thinned.

The above-ground biomass stock of reference can be defined as a logistic curve, which is typical in even-aged
stands without human intervention. In the model prototype, the above-ground biomass stock of reference, is
characterised by ecological zones and parametrised with the IPCC default biomass stock, and net biomass growth
rate of natural forests.
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*/ Reference Curves @ Cumulative Above-Ground Biomass Stock & Mean Annual Above-Ground Biomass Stock Curves

3_CAGBioRef = 99;

T_CAGBioRef(gez) % AR_Feasible z) = cell(BS_AG(gez) / BG_AG(gez));

L_CAGBioRef(gez) £ AR_Fessible_se z) = B5_AG( H

x@_CAGEioRef(gez) $ AR_Feasible_set(gez) = BS_AG(gez) / (2 * BG_AG(gez));

k_CAGBicRef(gez) % AR_Feasible_setigez) = 2 * BG_AG(gez) / B5_AG(gez) * (log(a_({AGBioRef) - log(l@® - a_CAGBioRef));
CAGBioRef_ha(gez,yr) % AR_Feasible_set{gez) = L_CAGBioRef(gez) / (1 + exp(- k_CAGBioRef(gez) * {ord(yr) - x@_CAGBioRef(gez)})});
MAAGBioRef_ha(gez,yr) & AR_Feasible_set{gez} = L_CAGBioRef{gez) / (1+ exp(- k_CAGBioRef{gez) * (ord(yr) - x@_CAGBiocRefigez))}) / ord{vr);

Figure 3: Equations which compute the cumulative total above-ground biomass stock and mean annual above-ground stock.

The above-ground biomass stock of reference is calculated for each ecological zone and each year according to
the logistic function as captured in Figure 3.

The first 5 equations in Figure 3 compute the following terms:

e The asymptotic coefficient of the reference logistic curve with a default value of 99.
e The growing period of reference in years.

e The maximum biomass stock of reference.

e The mid-point of the reference logistic curve.

e The slope of the reference logistic curve.

Forests may also be managed to maximise wood production for pulp and paper, wood products, bio-energy
industries, alongside maintaining their CO, sequestration potentials. The afforested above-ground biomass stock
can be derived from the above-ground biomass stock of reference, subject to a forest management cycle.

Forest growth is usually characterised by the following five phases — establishment, initial growth, full-vigour,
maturity, and old-growth phases (see Figure 4). Forest management accounts for each of these phases to
determine the frequency of harvesting/thinning operations, and its intensity. The frequency and intensity of
harvesting/thinning operations are specific to each phase and evolve over time.

Forest growth phases are determined based on the Mean Annual Increment (MAI), which is the average rate of
merchantable volume of biomass growth, and the Maximum Mean Annual Increment (MMAI). However, in the
context of CO, removal, both merchantable and non-merchantable biomass stocks must be considered covering
both above- and below-ground biomass stocks.

Thus, in this model prototype, we introduce the Mean Annual Growth (MAG), which is defined as the average
rate of dry-mass of above-ground biomass growth; and the Maximum Mean Annual Growth (MMAG), which
replace the MAI and the MMAI, respectively.

10
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*/ Forest Growth Phases : Durations, Ends of Phases & Characteristics

*// Establishment Phase - Usually 5 years
yr_End_EstablishmentPhase = EstablishmentPhase_User;

#/¢ Initial Phase - Until Firt Thinning (Usually 25 years AFTER Establishment Phase) but 18 years in MOMET
yr_End_InitizlPhase = FirstThinning_User + yr_End_EstablishmentPhase;

Duration_InitizlPhasze = FirstThinning_User;

*/¢ Full Vigour Phase - Until Maximum MAI

MMAI(gez) % AR_Feasible_set(gez) = smax(yr % {ord{yr} > Duration_InitialPhase), MAAGBioRef_ha(gez,vr));
loop { (gez,yr), yr_MMAI(gez) % (MAAGBioRef_ha(gez,yr) = MMAI(gez) AND AR_Feasible_set(gez)) = ord(yr);
M

B

*// Mature Phase - Usually Until Half-MMAI

Half_MMAI(gez) % AR_Feasible zet(gez) = MMAI(gez)/2;

*/¢ 0ld-Growth Phase - Usually Until the End of the GHG Accounting but 388 yrs in MONET

yr_End_0ldGrowthPhase = card{yr);

Figure 4: Equations which compute the timelines attached to the individual forest growth phases.

Figure 4 describes the overarching equations governing each of the five phases of forest growth. A schematic of

the forest management approach is described via Figure 5, where:

e yreenpis the last year of the establishment phase (years) with a default value of 15 years.

e yrienpis the last year of the initial phase (years), with a default value of 5 years.

e MAGAE is the mean annual growth (MAG), before thinning (tonnespm/ha/yr),

° MMAG;?er is the maximum mean annual growth (tonnespm/ha/yr), AT is the annual thinning stock
(tonnespm/ha),

e  Y%r7is the thinning share of the above-ground biomass stock (%),

° Bﬁ{f is the above-ground biomass stock, before thinning (tonnespm/h?),

o yrusryris the year during which the last thinning of the full-vigour phase occurred (years),

e and yruscmris the year during which the last thinning of the mature phase occurred (years).

11
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Voyr

Establishment Phase ? inni
Yes  No Thinning
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YT = ¥rzenp
No
Yes Thinning
Initial Phase ? Yes Thinning ? Operation
Y= Yigwn = Fann | Mo, NoThinning | 47(yr) = %7 BAE(yr)
Operation
Yes Thinning
Full-Vigour Phase ? Yes Thinning ? Operation
MAGES(yr) = MMAG (3w — ¥7eup) modS | No  No Thinning | AT(yr) = %; BES(yr)
Operation Update yrigseryr
Yes Thinning
Mature Phase ? Yes Thinning ? Operation
e MMAG 07 — Vhigsecrvr) M0d 10| No  No Thinning | AT(yr) = %y BES(vr)
MAG = — .
o) z Operation Update yrigseur
Yes Thinning
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Ac MMAG Om = Yhaser) med 15| No  No Thinning AT(yr) = %y BEE(yr)
MAGgT (yr) > 3 Operation

Figure 5: A flow diagram which represents the decision points which involve thinning operations across the forest growth phases.

The below-ground biomass stock is estimated from the above-ground biomass stock using a "root-to-shoot"
ratio. This ratio usually depends on the climate, tree species, soil type, and declines with stand age and/or
productivity. In the model prototype, the "root-to-shoot" ratio evolves with the amount of above-ground
biomass stock as according to data presented by the IPCC'. The total biomass content is computed as the total
of both above- and below-ground biomass stocks as shown in Figure 6 below.

iii https: //www.ipcc-nggip.iges.or.jp /public/2006gl /vol4.html

12
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#// Total {(Above-Ground & Below-Ground) Biomass

* 1/ Before Thinning

CTotalBio_BT_ha(gez,sp,yr) % AR_Feasible_set(gez) = CAGBio_BT_ha(gez,yr) + CBGEio_BT_ha(gez,sp,yr);

* 2/ Thinning

ATotalBiolosses_ha(gez,sp,yr) $ AR_Feasible_set{gez) = AThinning_ha{gez,yr) + ABGBiolLosses_ha(gez,sp,yr);

U=

CTotalBiolLosses_ha(gez,sp,yr) $ AR_Feasible_set{gez) = CThinning_ha(gez,yr) + CBGBiolLosses_ha(gez,sp,yr);
* 3/ After Thinning

AAGBic_AT hal(gez,yr) $(AR_Feasible_set(gez) AND ord(yr) = 1) = CAGEic_AT_ha(gez,vr};

e

AAGBio_AT_ha(gez,yr) $(AR_Feasible_set{gez) AND ord(yr) > 1) = CAGBio_AT_ha(gez,yr) - CAGBic_AT_ha(gez,yr-1);

CTotalBioc_AT_ha{gez,sp,yr} % 4R_Feasible_set(gez) = CAGBic_AT_ha(gez,yr) + (BGBio_AT_ha(gez,sp,yr);

ATotalBio_AT_ha{gez,sp,yr) %(AR_Feasible_set(gez) AND ord{yr) = 1) = CTotalBic_AT_ha(gez,sp,vrl);

ATotalBio_AT_ha{gez,sp,yr) S(4R_Feasible_set(gez) AND ord{yr) > 1) = CTotalBic_AT_hal(gez,sp,yr) - CTotalBio_AT_ha(gez,sp,yr-1);
Figure 6: Equations to compute the overall proportion of above- and below-ground biomass stock over time.

Growing forests capture CO; from the atmosphere via photosynthesis. The CO; is sequestrated in the form of
carbon to the above-ground biomass, which is then partially transferred to the below-ground biomass, dead
organic matter, and soil. During harvesting or thinning operations, timber and forest residues are extracted from
the forest stands and are considered as "harvested wood products".

The above-ground biomass carbon pool is comprised of all carbon that is contained in the vegetation above the
soil, such as stems, branches, foliage or bark, and the below-ground biomass carbon pool is comprised of the
carbon contained in the roots. Together, they constitute the total biomass carbon pool, of which the carbon
stock can be estimated from the biomass stock with the use of a carbon content factor (see Figure 7). This factor
depends on climate, forest type, such as conifers or broadleaves, and tree characteristics, such as age, size, or
tree parts.

¥/ Total C0Z2 Stock

#

/¢4 per HECTARE

ACOZ_ha(gez,sp,yr) = ACDZ TotalBio AT_ha{gez,sp,yr) + Ind_Litter * ACO2_Litter_ha(gez,sp,yr);

=

CC02_ha(gez,sp,yr) = CC02_TotalBio AT_ha{gez,sp,yr} + Ind_Litter * CC02_Litter_ha(gez,sp,yr);
*/{ per ABOVE-GROUMD BICMASS
CCO2_AGBio(gez,sp,yr) = CC02_TotalBio AT_AGBio(gez,sp,yr) + Ind_Litter * CCO2_Litter_AGBio(gez,sp,yr);

Figure 7: Equations to compute the overall CO; pool in various components of the biomass stock.

Overall, within the biogenic carbon sequestration model, the CO, sequestration potential of AR has an oscillating
S-curve pattern of growth, and it is characterised by ecological zones and forest types.

Afforestation is affected by wildfires, insects, adverse weather events, harvesting, or active deforestation which
decreases its CO; sequestration potential over time. With continued global warming, the likelihood of adverse
events increases, thereby reducing the CO, losses along the afforestation value chain. In the model prototype,
we model the risk of wildfires using a penalty coefficient to evaluate their impacts on the CO; sequestration
potential of afforestation.
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The model prototype is adapted from a risk-accounting methodology developed in Hurteau et al.! to define a
wildfire-penalty coefficient, which is characterised by ecological zones, and applicable at the country level. The
penalty coefficient is based on the severity of a wildfire (the potential biomass loss given a fire occurrence) and
the probability of a fire event occurring during a specified period.

Afforestation requires the establishment and the on-going maintenance of the forest to maximise and maintain
CDR. These include site establishment, forest roads construction, maintenance, and thinning operations. The
forest is established by land preparation and planting of new seedlings. For land preparation, mounding is carried
out by an excavator?™®, and herbicide and fertiliser are applied using a tractor?*. Tree seedlings are prepared®,
then planted by hand**®,

As part of forest management, a selection of trees is thinned using a cut-to-length logging system. This involves
the extraction of trees from the forest site using a combination of harvesters and forwarders3%32, Here, we
assume that the selection of forest biomass is composed of 80% thinning and 20% forest residues, such as
branches, foliage, or bark®. Early whole tree thinning involves tree felling by harvesters, followed by whole tree
removal from the site to the roadside by forwarders. Harvesting roundwood requires harvesters that cut the
trees, leaving branches and other forest residues on the forest floor. Approximately a third of the forestry
residues are left on the forest floor to maintain the nutrient and soil carbon balance, and the remainder is
collected by forwarders that compress the residues into bundles. All thinned and extracted forest biomass are
stored at the roadside for natural drying %°.

Accordingly, in the model prototype, the following operations are defined: forest establishment, forest road
construction, and forest maintenance. These forestry operations are assessed on their energy requirements (see
Figure 8) and associated CO, and N,O emissions3%3? (see Figure 9). These KPIs are computed based on the
following processes:

e the production and combustion of fuels (diesel and petrol)® for the establishment and the management

of the forest, and for the construction and maintenance of forest roads.

11-13

e the manufacture of feedstocks and other materials (herbicide and fertiliser), seedlings’*™°, road rocks

and aggregates®>1°,

e direct and indirect land-use change.

Direct N,O emissions from the application of nitrogen-based fertiliser during the forest establishment and from
the use of ammonium nitrate-based explosive for road rocks extraction are included in the model** . The energy
requirements and emission sources are characterised into midpoint and endpoint impact scores in the
sustainability assessments presented in work package 1. The primary data used here to inform the model
instance aligns with that used in work package 1 to ensure model consistency.
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2 * Parameters Calculations: Emergy Model
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4

5 loop({c,gez) % AR_RefCases_set(c,gez),

6

7 */ Initial Forestry Operations

8  tER_IniFOp_ha(c,e,delay) $({ord(delay) <= Horizon_delay_card) = sum(time #{ord(time} = ord{delay)), ER_GP_ha(e,time) #* Ind_GroundPrep + ER_SPrPl_ha(c,e,time) * Ind_Seedlings +

w

1a #// Annual Forestry Operations

* Mote : After the Establishment Phase
tER_AFOp_ha(c,gez,sp,e,t,delay) $(HC_AR_t_set{gez,t,delay) AND ord(t) > t_establishment(delay,gez) AND ord(t) <= Horizon_time) = sum{(yr,time) ${ord(yr) = ord(t) - t@(delay) A

15 * Note : After the Establishment Phase and After 218@
16  tER_AFOp_halc,gez,sp,e,t,delay) $(HC_AR t_set(gez,t,delay) AND ord(t) > t_establishment{delay,gez} AND ord(t) » Horizon_time)} = sum({{yr,time) $({ord(yr) = ord(t) - t@(delay) &AM

18 */{ &nnual Energy Reguirements

28 * Note : During the Establishment Phase
21  AEnergy_t_ha(c,gez,sp,e,t,delay) S(HC_AR_t_set(gez,t,delay) AND ord{t) <= t_establishment(delay,gez) AMD yr_End_EstablishmentPhase <> @) = tER_IniFOp_ha{c,e,delay)/yr_End_Esta

23 * Note : After the Establishment Phase
24 AEnergy_t_ha(c,gez,sp,e,t,delay) $(HC_AR_t_set(gez,t,delay) AND ord{t) > t_establishment(delay,gez)) = tER_AFOp_ha(c,gez,sp,e,t,delay);

26 *// Cumulative Forestry Operations

27  CEnergy_t_halc,gez,sp,e,t,delay) $ HC_AR_t_set(gez,t,delay) = sumi{t_ ${ord(t_) <= ord(t)) , AEnergy_t_halc,gez,sp,e,t_,delay));

29 */{ Optimisation Annual & Cumulative Energy Requirements

38 # Warning : Calculating AEnergy_d_ha doesn't make sense ...

31 * AEnergy_d_ha(c,gez,sp,e,decade,delay) & HC_AR_d_set(gez,decade,delay) = sum(t ${ord(t) = ta(decade)), AEnergy_t_ha{c,gez,sp,e,t,delay));

32 CEnergy_d_ha(c,gez,sp,e,decade,delay) $ HC_AR_d_set(gez,decade,delay) = sum(t $(ord(t) = tc(decade)), CEnergy_t_ha(c,gez,sp,e,t,delay));

33 avAEnergy_d_ha(c,gez,sp,e,decade,delay) $ HC_AR_d_set(gez,decade,delay) = (CEnergy_d_ha(c,zez,sp,=,decade,delay) / 18) ${ord(decade) = 1) + ((CEnergy_d_ha(c,zez,sp,e,decade,de
34 ) ;

Figure 8: Equations to compute the overall energy requirements of forestry operations.
32 %/ CO2 Emitted
34 #// Initial Forestry Operations

36 * NMote : During the Establishment Phase
37  tECO2_IniFOp_ha{c,delay) %{ord(delay) <= Horizon_delay_card) = sum(time ${ord(time} = ord(delay)), CF_GP_ha(time} * Ind_GroundPrep + CF_SPrPl_ha(c,time) * Ind_Seedlings + CF_R

39 */{ Annual Forestry Operations

41 * Note : After the Establishment Phase
42  tECOZ_AFOp_halc,gez,sp,t,delay) $(HC_AR_t_set{gez,t,delay) AND ord(t) > t_establishment{delay,gez) AND ord(t) <= Horizon_time) = sum{({yr,time} ${ord(yr} = ord(t) - t@(delay) A

44 * Mote : After the Establishment Phase and After 2180
45 tECOZ_AFOp_halc,gez,sp,t,delay) $(HC_AR_t_set{gez,t,delay) AND ord(t) > t_establishment{delay,gez) AND ord(t) > Horizon_time) = sum({yr,time) $(ord{yr)=ord{t) - t@(delay) AND

47 #f/ Annual GHG Emissions

49 # Note : During the Establishment Phase

58 AECO2_t_ha(c,gez,sp,t,delay) $(HC_AR_t_set(gez,t,delay) AND ord(t) <= t_establishment(delay,gez) AND yr_End_EstablishmentPhase <> B8) = tECO2_IniFOp_ha(c,delay) / yr_End_Establ

52  * MNote : After the Establishment Phase
53 AECO2_t_ha(c,gez,sp,t,delay) $(HC_AR_t_set(gez,t,delay) AND ord(t) > t_establishment(delay,gez)) = tECO2_AFOp_ha(c,gez,sp,t,delay);

55 #// Cumulative Forestry Operations
56 CECO2_t_ha(c,gez,sp,t,delay) § HC_AR_t_set(gez,t,delay) = sum(t_ ${ord{t_) <= ord(t)), AECO2_t_ha(c,gez,sp,t_,delay));

Figure 9: Equations to compute the overall CO; emissions from forestry operations.

Similarly, the total costs of afforestation are computed using:

e the cost of energy (i.e. fuels and electricity %) and the amount used.
e the cost of machinery — trucks or excavators for land preparation, harvesters and forwarders for
harvesting operations, and other machinery for road construction and maintenance?*?>.

e the cost of labour — ground workers, forest workers, road operators?®, etc.
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e the cost of feedstocks and other materials, i.e. agrochemicals?’?, seedlings?®, and road rocks*.

The costs, calculated via the equations in Figure 10, are expressed in 2018 US S but disaggregated at the national
level. Cost datasets from other countries are converted using exchange rates for the currency and US $ and
inflation factors3%%2, The costs of afforestation are levelised using a capital recovery factor (CRF), which is
computed using the desired interest rate in % and the desired financial lifetime in years.

B T T T T

2 * Parameters Calculations: Cost Models

o o o o o e e o ok 6 e
4
loop((c,gez) $ AR_RefCases_set(c,gez),

*/ Financial Parameters

9 IR_AR S(IR_AR User ¢> 8) = IR_AR_User;
18 IR_AR S(IR_AR User = @) = IR_dAR;

12 CRF_AR § (IR_AR + 1) = (IR_AR * (IR_AR + 1) **LT_&R) / ((IR_AR + 1)** LT_AR - 1);

15 */ Initial & Annuzl Costs
17 #=ff Initial Forestry Operations

* Note : During the Establishment Phase

a  tCost_IniFOp_ha{c,sp,delay) ${ord(delay) <= Horizon_delay_card) = sum(time $(ord(time) = ord{delay)), Cost_GP_ha(c,time} * Ind_GroundPrep + Cost_SPrP1_ha(c,sp,time) * Ind_Seed

2 #=/f Annual Forestry Operations

tCost_AFOp_ha(c,gez,sp,t,delay} ${HC_AR_t_set(gez,t,delay) AND ord(t) » t_establishment(delay,gez)} AND ord(t) <= Horizon_time) = sum{(yr,time) &{ord(yr) = (ord{(t) - t@{delay))

2

2

2

2

24 * Mote : After the Establishment Phase

2

2

2 * Mote : After the Establishment Phase and After 2180
2

5 tCost_AFOp_ha(c,gez,sp,t,delay) ${HC_AR_t_set(gez,t,delay) AND ord(t) » t_establishment(delay,gez) AND ord(t) » Horizon_time) = sum((yr,time) $(erd(yr) = (ord(t) - t@(delay))

Figure 10: Economic evaluation of afforestation based on all the sub-model interactions.

3.2 Bioenergy with CO; capture and storage (BECCS)

This subsection details the modelling of the BECCS supply chain — land use change, biomass cultivation,
processing and feedstock transport, biomass to energy conversion with CO; capture, CO, transport and storage.
In the prototype, different types of crops are cultivated and analysed. Owing to the “carbon debt” initiated by
land conversion to biomass production (depending on the type of land converted*=°), it usually takes some time
for BECCS projects to bring net negative emissions. Accordingly, the CO, removal potential of BECCS is calculated
over time. A schematic representation of the sub-models used to characterise BECCS is shown in Figure 11.
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Figure 11: Schematic of the BECCS supply chain, outlining the interactions between the sub-models used in the model prototype. Adapted
from 3637,

Direct land use changes are changes in soil and vegetation carbon stocks between the new and previous uses of
the land. Indirect land use changes, on the other hand, are unintended consequence of releasing more CO;
emissions owing to the additional land use changes around the world, induced by the displacement of
agricultural land, such as cropland or grassland, elsewhere to meet demand. The conversion of the land on which
the biomass is cultivated for BECCS creates both direct and indirect land use change effects. (I)LUCs are
associated with a CO, footprint, which needs to be compensated by BECCS’s CO, removal potential for the
technology to offer value. But this depends on the type of land on which the biomass is grown for BECCS.

For example, converting an existing cropland into biomass cultivation for BECCS, results into 37,500 kgCO,/ha of
LUC®3 (due to the clearing of the land, and therefore the destruction of the natural CO; sink), but also 0.2 tCO,/ha
of ILUC3*%, because the activity must be displaced and that will create LUC somewhere else. LUC effects are
considered within the model prototype to define the overall value of BECCS considering multiple KPIs (see Figure
12).

3 #/7/ Land Use Change
18  CF_LUC_ha{b,1,a) 3 (ord(a)=1 AND Ind_FeasibleLand{b,1)}) = LUC{1)} # (1-Ind_Res(b));

11  CF_ILUC_ha(b,l,a) % (ord{a)=1l AND Ind_FeasiblelLand(b,1l)) = ILUC{1l) * {1-Ind_Res(b});
Figure 12: Equations to compute the direct land use change effects from clearing the land, and indirect land use change effects.

Overall, the CO, removal potential of BECCS is the difference between the CO, captured initially via
photosynthesis during the biomass growth, and the total GHG emissions arising from all steps of the biomass
supply chain, the amount of CO, captured in the BECCS plant, and the CO, emissions incurred along the CO,
transport and storage chain. Note that the supply chain CO, footprint is assumed to evolve over time in an
exogenous manner, based on the ongoing decarbonisation of the fuel and electricity supply chains, according to
latest projections by organisations such as the International Energy Agency and EU REF 2020 scenarios”. A user
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may investigate multiple scenarios with different realisations of these exogenous parameters to evaluate the
overall CDR potential according to the model assumptions.

The BECCS plant is assumed to generate power in this instance, but this is not a concrete parameter, and a user
can vary the techno-economic dataset to reflect the inputs and outputs of alternative BECCS configurations.
Nonetheless, the fundamental relations are captured through the equations in Figure 13.

186  *// BECCS CO2 Emissions Model

188  */// BECCS CO2 Balance

189  CF_ha(sr,sr_,b,1,p,p_,t,a,time) $ Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = CF_SC_ha(sr,sr_,b,1,p,p_,t,a,time) + CF_Coal(sr,sr_,b,t,a) + CF_TS_ha{sr,sr_,b,t,a,time);
11@  tCF_ha(sr,sr_,b,1,p,p_,t,time) 3 Ind_FeasibleOptsCPort(sr,sr_,b,1,p,p_,t) = sum(a %{ord(a) <= PL), CF_ha(sr,sr_,b,1,p,p_,t,a,time));

111 tCF(sr,sr_,b,1,p,p_,t,time) $(Ind_FeasibledptSCPort(sr,sr_,b,1,p,p_,t) AND tPellet(sr,sr_,b,t}) = tCF_ha(sr,sr_,b,1,p,p_,t,time) / tPellet{sr,sr_,b,t);

112

113 nCF_ha(sr,sr_,b,1,p,p_,t,a,time) $ Ind_FeasibleOptSCPort({sr,sr_,b,1,p,p_,t) = CF_5C_ha(sr,sr_,b,1,p,p ,t,s,time) + nCF_Coal{sr,sr_,b,t,8) + CF_TS_ha{sr,sr_,b,t,a,time);
114  tnCF_ha(sr,sr_,b,1,p,p_,t,time) $ Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = sum(a $(ord{a) <= PL), nCF_ha(sr,sr_,b,1,p,p_,t,a,time})

115  tnCF{sr,sr_,b,1,p,p_,t,time) $(Ind_FeasibledptSCPort(sr,sr_,b,1,p,p_,t) AND tPellet({sr,sr_,b,t)) = tnCF_ha(sr,sr_,b,1,p,p_,t,time) / tPellet(sr,sr_,b,t);

116

117  RCO2_ha(sr,sr_,b,1,p,p_,t,8,time) % Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = SCO2_ha(sr,sr_,b,t,a) - CF_ha{sr,sr_,b,1,p,p_,t,a,time};

118  CRCO2_na(sr,sr_,b,1,p,p_,t.a,time) £ Ind_FeasibledptsCPort(sr,sr_,b,1,p,p_,t) = sum{a_ ${ord(a a)), RCO2_ha(sr,sr_,b,1,p,p_,t,a_,time));
L}, RCO2_ha{sr,

126 tRCO2(sr,sr_,b,1,p,0_,t,time) $({Ind_FeasibleOptsCPort(sr,sr_,b,1,p,p_,t) AND tPellet(sr,sr_,b,t)) = tRCOZ_ha(sr,sr_,5,1,p,p_,t,time) stPellet(sr,sr_,b,t);

119  tRCO2_ha(sr,sr_,b,1,p,p_,t,time) & Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = sum{a $(erd(a} <

b.1 S mel)
2B Lpapost,E, time) )

122  Ind_AnnualNegScenarios(sr,sr_,b,1,p,p_,t,a,time) $(CRCO2_ha(sr,sr_,b,1,p,p_,t,a,time) <= @ AND Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t)) = 1;

123  CBET(sr,sr_,b,1,p,p_,t,time) $(Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) AND tRCO2(sr,sr_,b,1,p,p_,t,time) > @) = sum (a, Ind_AnnualNegScenarios{sr,sr_,b,1,p,p_,t,a,time})
Figure 13: Equations which compute the CO; footprint of the various processes along the BECCS supply chain.

The total cost of the BECCS system is likely to be greatly influenced by CAPEX, biomass cultivation and harvest
costs, processing, and transport costs. It is important to study the effect of the biomass supply chain
configuration on the total cost of BECCS within each region. Some feedstocks such as agricultural and forestry
residues are likely to be available at lower costs depending on the region, and this may generate an economic
merit order for the plant input. The total system costs are also likely to be influenced by variations in fuel and
electricity prices, biomass yields, and energy systems.

The total cost of BECCS deployment is characterised by the following components in the model:

e the cost of energy for biomass cultivation, harvest, processing and transport, biomass processing, and
CO, transport and storage.

e the CAPEX and OPEX of BECCS plants®, together with the associated infrastructure costs.

e the cost of machinery for biomass cultivation, harvest and processing, and biomass transport.

e the cost of labour — farmers, BECCS plant operators, truck drivers.

e the cost of feedstocks, materials, agrochemicals (fertilizers, herbicides, and lime).

e the cost of land.

The CAPEX of the BECCS plant is levelised using a CRF, which is computed using the same assumptions as for
afforestation. Moreover, a learning rate-based cost reduction of 30% is assumed between 2020 and 2050 for
CAPEX, in line with the IEA estimates3®. The sale of the electricity produced at the BECCS plant provides revenues,
which are assumed to be priced at the sub-regional wholesale value of electricity as reported in Deliverable 4.2.
There is uncertainty around the average wholesale market price of electricity in the future with increasing
penetration of renewables and a diversified electricity generation mix. Current estimates of electricity prices may
be unsuitable for estimating revenue shares, and this will need to be explored through multiple scenarios to
provide contrasting findings and build confidence. Overall, the net cost of BECCS is the total costs of BECCS less
the revenue from the production of electricity at the BECCS plant. Figure 14 presents the governing equations
for the economic evaluation of BECCS.
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236 */ BECCS Total Cost & Cost Balance

Cost_ha{sr,sr_,b,1,p,p_,t,a,time) § Ind_FeasibleOptsCPort(sr,sr_,b,1,p,p_,t) = Cost_SC_ha(sr,sr_,b,1,p,p_,t,a,time) + Cost_PP_ha{sr,sr_,b,t,a,time) + Cost_C02TS_ha(sr,

233 tCost_ha(sr,sr_,b,1,p,p_,t,time} $ Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = sum{a & {ord(a) <= PL), Cost_ha(sr,sr_,b,1,p,p_,t,a,time)};

248 tcestisr,sr_,b,1,p,p_,t,time) &{Ind_FeasibleCptSCPort(sr,sr_,b,1,p,p_,t)} AND tPellet(sr,sr_,b,t)) = tCost_ha(sr,sr_,b,1,p,p_,t,time) s tPellet(sr,sr_,b,t};
t)
242 tCost_MWh{sr,sr_,b,Ll,p,p_,t,time) $(Ind_FeasibleOptsCPort(sr,sr_,b,1,p,p_,t) AND tEG_P_ha(sr,sr_,b,t))

243

241 tCost_SC02(sr,sr_,b,1,p,p_,%t,time) ${Ind_FeasiblelptSCPort(sr,=r_,b,1,p,p_,t} AND t5C02_ha(sr,sr_,b,

tCost_ha(sr,sr_,b,1,p,p_,t,time)/(tSC02_ha(sr,sr_,b,t)/1000);
/ )

244

245 BE_NEC{sr,sr_,b,1,p,p_,t,time) % (Ind_FeasibleOptTPort{sr,sr_,b,p,p_,t) AND Ind_NegScenario(sr,sr_,b,1,p,p_,t,time} AND tRCOZ(sr,sr_,b,1,p,p_,t,time)) = (tcost{sr,sr_,
246

247 tCB_ha(sr,sr_,b,1,p,p_,t,time) § Ind_FeasibleOptSCPort(sr,sr_,b,1,p,p_,t) = tCost_ha(sr,sr_,b,1,p,p_,t,time) - trev_PP(sr,sr_,b,1,p,p_,t,time) * tPellet(sr,sr_,b,t};

) - trev_PP(sr,sr_,b,1,p,p_,t,time)};

248 tCB(sr,sr_,b,1l,p,p_,t,time} £ Ind_FeasibledptSCPort{sr,sr_,b,1,p,p_,t) = tcest(sr,sr_,b,1,p,p_,t,ti

249 tCB_SC02(sr,sr_,b,1,p,p_,t,time) $(Ind_FeasibleOptSCPort{sr,sr_,b,1,p,p_,t) AND t5C02_ha(sr,sr_,b,t)) = tCB_ha(sr,sr_,b,1,p,p_,t,time)/(t5C02_ha(sr,sr_,b,t)/1808);

250  tCB_MWh{sr,sr_,b,1,p,p_,t,time) $({Ind FeasibleOptSCPort{sr,sr_,b,1,p,p_,t) AND tEG_P_ha(sr,sr_,b,t)) = tCB_ha(sr,sr_,b,1,p,p_,t,time)/{tEG_P_ha(sr,sr_,b,t)/3688);

Figure 14: Economic evaluation of BECCS based on all the costs incurred along its value chain.

3.3 Direct air CO; capture and storage (DACCS)

Two process configurations are modelled for DACCS — a solid sorbent- and a liquid solvent-based capture of CO;
from the air®. For the liquid solvent DACCS, high-grade heat is assumed to be provided by natural gas, hydrogen,
or electricity in the different process archetypes. Based on (Keith et al., 2018)%, the CO, emissions generated
from the combustion of natural gas are captured by the CCS unit. For the solid sorbent DACCS, both heat and
power are provided by the electricity grid, and we assume that a heat pump, with a coefficient of performance
of 3, is used to convert grid power to low-grade heat. This DACCS value chain is captured in Figure 15.

DAC plants data CO, T&s Carbon data Energy data
= Heat & power requirements data = Fuels (eg, natural - Fuels (eg.
{liquid sohvent (LS) and solid - Energy gas and hydrogen) natural gas
sorbent ($5) DAC process), requirements direct & indirect and
power requirements (seawater (COs emissions factors. hydragen)
mineralisation (SWM) DAC compression - ezt el ETLEEF [}:_Ea\:l]ng
FITTER and injection) emissions factors. )
= CO; capture capacity.

DAC plant model CO; transport & CO; balance
L5/S5 storage model model
FTTTTTTTTT P T TTTTT CTT T T I
: + Heat (solvent 1 I I | C0; capture :
| regeneration) : : ! [ N
B i Ll i F-————=—==-=-=- 1
I = Power (fans, | I | .
I | | | | CO; emissions !
| pumps) \ \ | 1 !
r-——>""7"7"7"77 _I o _____ 1 1 T
, ! ! co,
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I N I, X injection \
B |
| = Power ! 1 I
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Figure 15: Schematic of the DACCS supply chain, outlining the interactions between the sub-models used in the model prototype.

The effective CO, removal potential of DACCS is a function of the carbon intensity of the energy used, which

varies with region and time. In the model prototype, the total GHG emissions of DACCS include:

19



V) NEGEM

e direct CO, emissions from the combustion of natural gas in the DACCS system as a function of the CO,
capture rate.

e indirect CO, emissions from the supply of natural gas, hydrogen, or power to support the DACCS plant.

The total costs of DACCS are evaluated by combining:

e the CAPEX and OPEX of the DAC plant, CO, transport and storage, including labour, operating and

maintenance costs*%*,

e the cost of energy supply needed to provide the heat'®?242-% gnd power!®23,

The total cost of liquid solvent DACCS archetype is based on a process design published by Carbon Engineering®

and from a report from the National Academies of Sciences, Engineering, and Medicine®. In Keith et al.*, the
total levelised cost of CO, capture of DACCS is estimated as $113-168/t CO, captured. As these estimates are
aligned with the lower bound of DACCS total cost range reported in the literature®® ($25-1,000/t CO,), we
assume that the total cost of DACCS (including CAPEX, OPEX, and energy) is approximately $400-600/t CO,
captured, both using a reference year of 2018.

234 *// DAC Plant Cost

235

236 */// Financial Parameters

237 LT_DP = LT_DP_User $(LT_DP_User <> @) + LT_dDP $(LT_DP_User = 8);

238 IR_DP = IR_DP_User $(LT_DP_User <> @) + IR_dDP $(LT_DP_User = @);

239

248 CRF_DP $(IR_DP + 1) = (IR_DP % (IR_DP + 1)**LT_DP) / ((IR_DP + 1)**LT_DP - 1);

241

247  CAP_DP(sc,time) = sum(time_ % time_.first, CAP_DP(sc,time_)) %(Ind_CostDyn = @) + CAP_DP(sc,time) %(Ind_CostDyn = 1};
244 {

245 Cos 'H

246 Cos / SC02_DACCS(sc);

247  Cost_DP_RCOZ(sc,c,time) = Cost_DP_CCO2({sc,time) * CCO2_DACCS(sc) / RCO2_DACCS(sc,c,time);
248

249 CAPEX_CCO2Z{sc,time) = CAP_DP(sc,time) * CRF_DP;
258 CAPEX_SC02(sc,time) CAPEX_CCO2(sc,time) *= CCO2_DACCS(sc) / SCO2_DACCS(sc);

251  CAPEX_RCO2{sc,c,time) = CAPEX_CCO2(sc,time) * CCO2Z_DACCS(sc) / RCOZ_DACCS(sc,c,time);

253 OPEX_CCO2(sc) = OM_DP(sc);
254  OPEX_SCO2(sc) = OPEX_CCO2{sc) * CCOZ_DACCS(sc) / SC02Z_DACCS(sc);
255 OPEX_RCOZ(sc,c,time) = OPEX_CCO2Z(sc) * CCO2_DACCS(sc) / RCOZ_DACCS(sc,c,time);

256

257 */{ COZ Transport & Storage Cost
258

259 #/// Financial Parameters

CRF_CO2T § (IR_CO2T + 1) = (IR_CO2T * (IR_CO2T+1) *=LT_CO2T )/{{IR_CO2ZT + 1)*=* LT_CO2T - 1);

C02T = D_CO2T * CRF_CO2T } /Capa_CO2T + OP_CO2T;
t_C02T_5C02(sc) = (CAP_CO2T * D_CO2T * CRF_CO2T + OP_CO2T * Capa_CO2T)/Capa_C02T * CCO2_DACCS(sc) / SC02_DACCS(sc);
ost_C02T_RCO2(sc,c,time) = (CAP_CO2T * D_CO2T * CRF_CO2T + OP_CO2T * Capa_C02T)/Capa_CO2T * CCOZ_DACCS(sc) / RCO2Z_DACCS({sc,c,time);

Figure 16: Economic evaluation of DACCS based on all the costs incurred along its value chain.

The total costs of solid sorbent DACCS archetype has been reported as $1,200/t CO, removed on Climeworks
official website®.. In contrast to the liquid solvent DACCS system, the solid sorbent DAC plant is a modular process
that is operated in two time-steps, requiring more maintenance. For this process, we assume that the levelised
CAPEX and the OPEX each account for an equal share of the cost of CO, capture (Figure 16).
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3.4 Enhanced Weathering (EW)

This subsection presents the key assumptions and model parameterisation used to characterise enhanced
weathering (EW) in the model prototype. EW is the process by which CO; is sequestered from the atmosphere
through the dissolution of silicate minerals on the land surface. In this process, basic rocks are crushed and
ground to small particles, and spread onto croplands or agricultural lands for permanent CDR. The model is
refactored into several sub-models as shown in Figure 17.

Rocks & Minerals data Land data Supply chain operations Carbon data Energy data
* Rock type (e.g, basalt, dunite), = Soil temperature, data + Fuels direct & + Fuels lower heating
composition (e.q., minerals), soil pH « Fuel requirement, working indirect emissions value (LHV) and
maximum carbonation rate. rate and inputs rate (g, fdaldors arldd!aledricity ';ransport emissijns
. . explosives). irect & indirect actors (e.q, road).
Mineral Is_weathenng rate (e.q. P ) emissions factars.
molar fraction, rate constant, « Rock target size, rock
activation energy). application rate.
Excavation Transport Processing model Transport Rocks CO; balance
model model model Application model
model
CTTTTTTTTTS
:______—____: :______—____: :— _____ ._____: . : :— __________ : :______—____: ! CO; capture !
: Mining 'y Local transport | U ! Crushing, .y Grinding P! Local transport | |11 Rocks Myl -
| 1|, (waroad) [ grinding [ Ul (v road) 1|, application -
L M o M Y | s o | | CO; emissions |
I
Legend
| Inputs ‘ ‘ Models ‘ ‘ Outputs ‘

Figure 17: Schematic of the EW supply chain, outlining the interactions between the sub-models used in the model prototype.

In EW, rocks are excavated and transported to the grinding facility where they are crushed. The ground rock is
transported to the area of application and spread on soil. The overall GHG emissions and economic performance
of the technology is measured by the aggregate performance of the individual steps along the supply chain.
Renforth*” estimates the overall CDR potential of basic and ultrabasic rocks as 0.3 tonne CO,/tonne rock and 0.8
tonne CO,/tonne rock, respectively. Thus, greater quantities of basic rock are needed to store an equivalent
amount of CO, compared to ultrabasic rocks, and in both cases, greater quantities or rock are needed relative to
CO,, increasing the requirement to excavate rocks and process them at scale.

We applied the exponential correlation developed by Strefler et al.*® to estimate the energy required to grind
the rock, given grain particle size distributions. Following which, the transport distance from the grinding facility
to agricultural land is used together with the transported volumes to calculate the fuel requirements, and
corresponding CO; emissions, assuming diesel fleets in the near-term. Note that the transport medium is a
function of time as the ongoing decarbonisation of the transport sector will gradually reduce the overall CO,
footprint associated with transport stage. The model has the capacity to use multiple fuels and zero-emission
transport fleets to reflect the reductions in CO; intensity over time. The model incorporates region-specific data
on soil temperature and pH to calculate the weathering rate.

The CO; sequestration potential of EW increases over time, as basic rocks weather, and saturates (permanently)
over time. By then, the rocks have reached their maximum CO, sequestration potential, which is inherently rock-
specific. The CDR potential of EW is a function of the technical potential of the rock, the carbonation to CO,
sequestration conversion, and the rate of carbonation over time. The share of the rock that weathers every year
is a function of the soil temperature*®, pH>®, mineral composition, and the size of rock®. The rock weathering
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rate is modelled using generalized equations as in (Beerling et al, 2020)>? and (Tayor et al, 2016)> and the
carbonation rate is modelled with a shrinking core model, as suggested in (Renforth, 2012)*’ .

The model prototype considers basalt, which is a basic rock, and dunite, which is an ultrabasic rock proposed in
literature for EW applications. The overall GHG balance of EW in both cases are captured through the equations
in Figure 18.

167 */ Carbon Balance

CF_M_RCO2(sr,sr_,r,p,p_,t,time} &{Ind_FeasibledptTPort(sr,sr_,r,p,p_,t) AND tRCOZ(sr,sr_,r,p,p_,t,time} <> @) = CF_M(sr,sr_,r,t,time) / tRCO2(sr,sr_,r,p,p_,t,time) * 1288;

CF_N20_RCO2(sr,sr_,r,p,p_,t,time) ${Ind_FeasibleOptTPort(sr,sr_,r,p,p_,t} AND tRCO2(sr,sr_,r,p,p_,t,time) <> @) = CF_N20(sr,sr_,r,t) / tRCO2(sr,sr_,r,p,p_,t,time) * 1@88;

CF_R_RCOZ(sr,sr_,r,p,p_,t,time) $(
171 CF_C_RCO2(sr,sr_,r,p,p_,t,time) 3(
172 CF_G_RCO2(sr,sr_,r,p,p_,t,time) $(
173 CF_T_RCO2(sr,sr_,r,p,p_,t,time) $(
174 CF_S_RCO2(sr,sr_,r,p,p_,t,time) 8

tTPort(sr,sr_,r,p,p_,t) AND tRCO2(sr,sr_,r,p,p_,t,time)} <» @) = CF_R(sr,sr_,r,t,time} / tRCO2(sr,sr_,r,p,p_,t,time) * 1800;

ort(sr,sr_,r,p,p_,t] AND tRCO2(sr,sr_,r,p,p_,t,time) < 8)

CF_C(sr,sr_,r,t,time) / tRCO2(sr,sr_,r,p,p_,t,time);

r,sr_,r,p,p_,t) AND tRCO2(sr,sr_,r,p,p_,t,time CF_G(sr,sr_,r,t,time) / tRCO2(sr,sr_,r,p,p_,t,time) * 1000;

CF_T(sr,sr_,r,p,p_,t,time) / tRCOZ(sr,sr_,r,p,p_,t,time};

3
)
rySr_,ryp,P_st) AND tRCO2(sr,sr_,r,p,p_,t,time)} <> @
3
)

F,SF_,r,p,P_,t) AND tRCO2(Sr,sr_,r,p,p_,t,time) <> @) = CF_S(sr,sr_,r,t,time) / tRCO2(sr,sr_,r,p,p_,t,time) * 1880;

175 tCF_RCO2({sr,sr_,r,p,p_,t,time) $(Ind_FeasibleOptTPo ,sr_,r,p,p_,t) AMD tRCO2(sr,sr_,r,p,p_,t,time) <> @) = tCF(s r_,r,p,p_,t,time} / tRCO2{sr,sr_,r,p,p. time) * 1860;
176  tCaC02_RCO2(sr,sr_,r,p,p_,t,time) ${Ind_FeasibleOptTPort(sr,sr_,r,p,p_,t) AND tRCO2(sr,sr_,r,p,p_,t,time) <> @) = tCaCoO2(sr,r) / TP, p_yt,ti 1006;
177  tCCO2_RCOZ(sr,sr_,r,p,p_,t,time) $(Ind_FeasibleOptTPort(sr,sr_,r,p,p_,t) AND tRCO2{sr,sr_,r,p,p_,t,time) <> @) = tCCO2(sr,r) / tRCO2(sr,sr_,r,p,p_,t,time) * 1008;

138  */ Key Output
181  Ind_maxMegScenario_EW(sr,sr_,r,p,p_,t,time) $({Ind_FeasibleOptTPort(sr,sr_,r,p,p_,t) AND tmaxRCO2(sr,sr_,r,p,p_,t,time} > 3) = yes;

182 Ind_NegScenario EW(sr,sr_,r,p,p_,t,time) ${Ind_FeasibleOptTPort(sr,sr_,r,p,p_,t) AND tRCOZ(sr,sr_,r,p,p_,t,time) > 8) = ves;

Figure 18: Equations which compute the CO; footprint of the various processes along the EW supply chain.
Similarly, the total costs of EW are parameterised using the following components:

o the CAPEX and OPEX of the mining and grinding facility, together with the cost of materials.

e the cost of diesel for mining rocks, transport, and application on soil, and electricity!®2 for crushing and
grinding rocks.

e the cost of trucks to transport rocks, and tractors to apply them on soil.

e labour costs of digger, facility operator, and farmer.

Overall, the techno-economic parameters related to the individual technologies are represented using a
consistent framework to compute various KPIs.

4. Summary of the optimisation model constraints

The optimisation framework combines the equations presented in section 3 with inequality constraints to define
a pathway for NETP deployment across member states in Europe along with the United Kingdom. These
inequality constraints are based on user inputs and assumptions on CDR deployment targets, and biogeophysical
constraints. Given input data related to the individual technologies and regions as captured by NEGEM
Deliverables 4.1 and 4.2, and member-state specific CDR targets as discussed in Deliverable 4.3, the
mathematical model can determine pathways which minimise the: cost of CDR delivery, land use footprint, water
footprint, primary energy demand, etc.

Burden-sharing principles were used in Deliverable 4.3 to generate a set of members-state specific CDR targets
depending on global CDR requirements by 2100. The 4 scenarios proposed in Deliverable 4.3 are intended to be
used in the modelling work within task 4.5. They allow the model to explore the cost, and environmental
implications of different levels of CDR being “owned” by EU-28. The scenarios from Deliverable 4.3, together
with different global CDR targets, combine to generate results with policy relevance on the value of different
technologies. It is important to note that the application of burden-sharing principles via these scenarios leads
to diverging shares of effort by the EU Member States, allowing a wide range of circumstances to be explored.
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The targets are combined with deployment rate constraints specific to each technology. For BECCS, the
availability of bioenergy is a rate limiting constraint. For DACCS, the market for the sorbents used in DACCS is
likely to be the rate-limiting constraint as reported in the literature. We assume that BECCS and DACCS projects
have a lifetime of 30 years. Following previous work, they are assumed to operate at base load *>’. We also
assume that EW projects (i.e., mining facility) have a lifetime of 20 years. Conversely, AR projects need to be
maintained in perpetuity to avoid any reversal of CO, emissions back to the atmosphere.

Afforestation is limited by the availability of lands with a potential for reforestation (LPR), as defined in Griscom
et al.®. LPR are non-forested lands in areas ecologically suitable for forests with a low tree cover (< 25%) but
within the boundaries of a native forest land type. Griscom et al.>® exclude all land types categorised as grassland
or savanna from LPR to limit negative impacts on biodiversity, cropland to account for food security, and land
within boreal ecological zones to account for albedo effect.

Biomass for BECCS and biochar includes dedicated-energy crops cultivated on marginal agricultural lands (MAL),
as defined in Cai et al.*® and forestry residues and pellets. Following previous work®, MAL is characterised here
by mixed crop and natural vegetation land with marginal productivity. Therefore, the production of biomass for
BECCS has no negative impacts on the agricultural sector and its associated food supply. The potential to
exacerbate water stress must be minimised, and the model prototype limits the deployment of AR or the
cultivation of biomass for BECCS to lands with low water stress, i.e. areas wherein the overall water risk is less
than or equal to 3 on a 5-point scale, as defined in Gassert et al.®*.

The global lithological map (GLiM) published by Hartmann and Moosdorf® is used to constrain the availability of
basalt and dunite in a given region. We assume a rock density of 2.9 t/m347:>33 and an extraction depth of 50m*’.
Sub-regional geological CO, storage capacity is used here to constrain the deployment of geological CDR options
such as BECCS and DACCS. This data is available at the national scale for the EU®*,

Overall, the technology and region-specific constraints documented in Figure 19 provide the model with the
capacity to generate deployment pathways that avoid an overreliance on any single CDR technology. This
prototype version is undergoing further development prior to parameterisation and release as part of task 4.5.
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439 */ BC Cost Equations

441  *// BC Non-Levelized Cost Equations
442 optcost_bc{Cfset_BC) $(sameAs(metric,'cost') AND Ind_lcost = @)

444 cumutotalcost_bc(tc) $(sameAs(metric, cost’') AND Ind_lcost = @)

446 #// BC Levelized Cost Equations
447  optlcost_bc(Cfset_BC) $({sameds(metric, 'cost') AND Ind_lcost) ..

449 cumutotallcost_bc(tc) ${sameAs(metric, 'cost') AND Ind_lcost) ..
4351 */ BC Cost Balance Equations

453 *// BC Non-Levelized Cost Balance Equaticns

454 optcostb_bc(Cfset_BC) $(sameAs(metric, 'costB"') AND Ind_lcost = @) ..

4356 cumutotalcostb_bec(tc) ${samefs(metric, 'costB') AND Ind_lcost = @) ..

438 #// BC Levelized Cost Balance Equations

459 optlcostb_bc(Cfset_BC) 3(sameds(metric,'costB') AND Ind_lcost) ..
468
461  cumutotallcostb_be(tc) $(sameds(metric,'costB') AND Ind_lcost) ..

463 #/ BC Land Use Egquations
464  optlusc_bc{Cfset_BC) ..

465

456  optlup_bc(Cfset_BC) % sameAs(metric,'land'}..
467

468  totallu_bc{tc) $ samelAs{metric,'land')

469

478 */ BC Water Use Equations

471  optmwu_bc{Cfset_BC) § sameAs(metric,'water')..
472

473 cumutotalmwu_bc{tc) $ sameAs(metric,'water') ..
474

475 #/ BC Biomass Use Equations
476  optbu_bc(Cfset_BC) $ Ind_Syn ..
477  totalc_bu_bc(c,b,1l,tc) $ Ind Syn ..

Cpt_Cost_BC(Cfset_BC) =e= Opt_LU_App BC{Cfset_BC) * cost_BC{Cfset_BC);

CCost_BC{tc) =e= sum{(pyp,sr,b,1,tc_) ${Cfset_BC(pyp,sr,b,l,tc_) AND ord{tc_) <= ord(tc)), Opt_

Opt_LCost_BC{Cfset_BC) =e= Opt_LU_App BC{Cfset_BC) * cost_BC(Cfset_BC);

CLCost_BC(tc) =e= sum({pyp,sr,b,1,tc_} $(Cfset_BC{pyp,sr,b,1,tc_) AND ord(tc_) <= ord(tc)), Opt

Cpt_CostB_BC({Cfset_BC) =e= Opt_LU_App_BC({Cfset_BC) # CB_BC(Cfset_BC);

CCostB_BC(tc) =e= sum({pyp,sr,b,1,tc_) ${Cfset_BC{pyp,sr,b,1l,tc_) AND ord(tc_) <= ord(tc)), Opt

Cpt_LCostB_BC(Cfset_BC) =e= Opt_LU_App_BC(Cfset_BC) * CB_BC{Cfset_BC);

CLCostB_BC(tc) =e= sum{(pyp,sr,b,1,tc_) $(Cfset_BC{pyp,sr,b,1,tc_) AND ord{tc_) <= ord(tc)), Op

Opt_LU_SC_BC(Cfset_BC) =e= Opt_LU_App BC(CFset_BC) * LU_SC_BC(Cset_BC);

Opt_LU_P_BC(CFset_BC) =e= Opt_LU_App_BC(CFset_BC) * LU_P_BC(Cfset_BC);

tLU_BC(tc) =e= sum((pyp,sr,b,1l) $(Cfset_BC{pyp,sr,b,1,tc)}, Opt_LU SC_BC{pyp,sr,b,1,tc) + Opt_L

Opt_MWU_BC(Cfset_BC) =e= MWU_BC(Cfset_BC) * Opt_LU_App_BC{CFset_BC);

CMWU_BC(tc) =e= sum((pyp,sr,b,1l,tc_) $(Cfset_BC(pyp,sr,b,1,tc_) AND ord(tc_) <= ord(tc)), Opt_M

Opt_BU_BC(CFset_BC) =e= BU_BC(Cfset BC) * Opt_LU App BC(Cfset BC);
c_BU_BC(c,b,1,tc) =e= sum{(pyp,sr) $(Cfset_BC(pyp,sr,b,1,tc) AND Ind_Country(sr,c)), Opt_BU_BC(

Figure 19: Equality and inequality constraints in the optimisation formulation to provide bounds for the key decision variable — the amount
of each CDR technology to deploy to meet the cumulative CDR target across member states in the EU.
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To prepare this report, the following deliverable has been taken into consideration:

D#

D11

D14

D15

D4.1

D4.2

D43

D8.1

Deliverable title Lead Type Dissemination Due date (in MM)
Beneficiary level

Justification of NETPs | ETH Report Cco 6

chosen for the NEGEM

project

Comprehensive VTT Report PU 12

sustainability
assessment of Bio-CCS
NETPs

Comprehensive ICL Report PU 24
sustainability

assessment of

geoengineering and

other NETPs

NETP database ICL Database PU 4
Bio-geophysics ICL Database @ PU 12
database

Member State targets | ICL Report PU 15
Stocktaking of VTT Report PU 8

scenarios with
negative emission
technologies and
practises
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