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ABSTRACT

Calcined clay, as supplementary cementitious
material (SCM), can potentially reduce the cement
industry's carbon footprint by partly avoiding CO2
emissions released from clinker production. Further
reduction can be achieved through the electrification of
the clay calcination process while coupled with
increasing penetration of renewable energy sources
(RES). This paper addresses the economic and CO2
emissions performance of an electrified clay calcination
process integrated into a reference cement plant. An
optimal sizing algorithm is developed to investigate how
local renewable-based generation and high-temperature
thermal storage can be exploited to improve the
economic feasibility of electrification. Results show that
even without optimization, the integration allows a
reduction of the overall cost of cement for a given
geographic area and considering a carbon price of 100
€/tC0O2. When applying the optimal sizing algorithm, an
additional decrease in costs is observed, primarily due to
the lower energy costs achieved by installing a 41.18 MW
PV plant and a 340 MWh thermal storage.

Keywords: calcined clay, cement, techno-economic
analysis, optimal sizing, electrification, renewable
generation

NONMENCLATURE
Abbreviations
CAC Cost of CO2 avoided
CAPEX Capital expenditures
coc Cost of clinker/cement
EHGG Electric hot gas generator

ELCC Inte.grat.|on of glectnﬂed clay
calcination option

ELCC-RES Inte.grat.|on of glectnﬂed clay
calcination option

NPV Net present value

OPEX Operational expenditures

REF Reference cement plant option

SCM Supplgmentary cementitious
material

TES Thermal energy storage

1. INTRODUCTION

The cement industry currently accounts for
approximately 7% of the world's carbon dioxide
emissions and is the third largest industrial energy
consumer [1]. One of the main factors that contribute to
this large share of emissions is the high clinker-to-cement
ratio of conventional cement blends. This is due to the
production of clinker, which involves the combustion of
fossil fuels and thermal decomposition (calcination) of
limestone. In fact, around 60-65% of the carbon dioxide
emissions related to cement production comes from the
calcination process and 35-40% originates from the
combustion of fossil fuels in cement ovens (i.e., kilns) [2].

One solution to help decarbonize the cement sector
is to partially substitute clinker with Supplementary
Cementitious Materials (SCMs), such as calcined clay. For
instance, Limestone Calcined Clay Cement (LC3) is a
relatively new cement type made by blending clinker
with calcined clay, limestone, and gypsum. Such blend
has the potential to reduce the CO2 emissions associated
with cement manufacturing by 15 - 30% [3]. To further
reduce emissions, the thermal energy needed to calcine
the clay could be delivered by cleaner energy vectors,
e.g., biofuels, green hydrogen, and electricity [4]. In the
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case of using electricity, a Power-to-Heat (P2H) approach
is exploited, where different methods can be used to
convert electricity into thermal energy (e.g., plasma
heating, microwave heating, and resistive electrical
heating) [5].

To promote the adoption of carbon mitigation
technologies in the cement industry, conducting techno-
economic assessments is crucial. These assessments
offer valuable insights into the economic performance of
such technologies and allow for meaningful evaluations
alongside benchmark solutions. For example, inside the
CEMCAP project, studies have been carried out to
develop an economic model that facilitates the
comparison between different CO; capture technologies,
including MEA-based absorption, oxyfuel, and calcium
looping, among others [6,7]. The model relies on
economic parameters such as CAPEX and OPEX values, as
well as results from process simulations for each plant
layout configuration [8]. In these studies, the outputs for
different technologies were then compared, for
instance, with respect to the cost of the clinker produced
and cost of avoided CO,. The last metric allows for an
assessment of the cost increase associated with CO;
abatement.

When considering electrified processes or energy
intensive industries, operational costs from energy-
related expenses play a significant role in the economic
feasibility of a project. In this sense, energy planning
tools can support decision-making by providing sizing
and investment strategies on energy technologies that
are close to the true cost-optimal solution.

A two-stage optimization approach was proposed to
optimally size a renewable-based energy system for a
food factory in China [9]. In the first stage, all feasible
solutions are obtained through The Hybrid Optimization
of Multiple Energy Resources (HOMER) software. Then,
in the second stage, the Vise Kriterijumska Optimizacija |
Kompromisno Resenje (VIKOR) method is used to select
the optimal solution based on a multi-criteria evaluation
of the feasible solutions taking into account energy,
economic, and environmental factors. In another study,
an optimal design model is proposed for an industrial
microgrid in China, considering PV and batteries [10]. The
particle swarm optimization (PSO) method is applied,
and case studies show that the optimal installation of
batteries has significant impacts over economic and
environmental indicators when compared to the
baseline scenario. This baseline considers the existing
configuration of the microgrid, with only 500 kW of PV
installed. Additionally, in [11], a reliability-constrained
optimal sizing algorithm was developed to size an energy

storage system within a microgrid. This is achieved using
a mixed-integer programming model, with the goal of
minimizing investment and operating costs while
satisfying specific constraints. One of these constraints
refers to ensuring a certain level of reliability, specifically
by limiting the Loss of Load Expectation (LOLE) to a
predefined target value.

This paper presents a techno-economic analysis of
integrating an electrified clay calcination process into a
cement plant. To highlight the impact of energy supply
on economic and emissions performance, the paper also
introduces an optimization methodology for sizing a
renewable-based energy system, that meets local
electrical and heat demands. A Thermal Energy Storage
(TES) system is also modelled, so that its potential to
enhance the power flexibility of the cement plant under
different pricing schemes is investigated. The CEMCAP
project and its economic model are used as guidelines for
defining cost parameters and providing the
characteristics of a reference cement plant, which is used
as benchmark for the analysis.

2. METHODOLOGY

The methodology used in the study consists of
three main steps. First, the performance of the CEMCAP
reference plant is assessed. Second, calculations are
made to emulate the integration of an electrified clay
calcination process, which uses electricity directly from
the power network where the plant is connected to.
Finally, the same integration is analyzed but through the
development of a Mixed Integer Linear Programming
(MILP) optimization model, that optimally sizes on-site
renewable generation and energy storage.

2.1 Reference cement plant

The performance of the reference CEMCAP plant is
evaluated by two main metrics: the cost of
clinker/cement (COC) in €/tem, and the specific
equivalent emissions (€cemeq) N teoz/teem. The COC is
calculated as the cost of clinker that would make the net
present value (NPV) go to zero in the last year of the
project (Y). The NPV is formulated as follows:

\ CAPEX, - |rev, — 0PEX,
NPV = Z ﬁ + Z ﬁ
Y=Vini (1 +m) y=1 (1 +m)

Where y;,; is the year in which the plant starts to be
constructed, being negative since year one represents
the first operational year of the plant. CAPEX, is the
amount of capital investment allocated to year y. OPEX,
and rev, are the operational costs and the revenues,
respectively, associated to year y,and r is the discount
rate given in percentage. Since capital costs were given
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for 2014 in the CEMCAP framework, the Chemical
Engineering Plant Cost Index (CEPCI) is used to update
them to the year 2021, which is the year taken as
reference for the cost of renewable generators.

2.2 Electrified clay calcination

The electrified calcination process is based on a flash
calciner which uses resistive heating technology, i.e., an
electric hot gas generator (EHGG), to provide the
required thermal energy for calcination. It is sized to
match the material demand of calcined clay for
producing LC3-50. This cement blend consists of a
mixture of 50% clinker, 30% calcined clay, 15% limestone
and 5% gypsum [12].

The integration proposed here considers a
brownfield scenario, where the capacity of the reference
plant is increased by the introduction of a calcined clay
line. Therefore, it is assumed that there is no significant
change in the clinker production process and the values
of utilities and consumables are maintained the same.
However, the new line's implementation vyields
significant effects:

e Higher cement capacity

e Anincrease in the total plant cost (TPC) due
to the installation of the new line and the
EHGG

e An increase in the electricity consumption
due to auxiliary equipment of the new line

o A heat demand that needs to be supplied by
the EHGG

As expected, these changes impact the COC and the
emissions associated with the plant. Here, it is important
to differentiate between scope 1 and scope 2 carbon
emissions. The first scope regards direct emissions that
occur inside of the plant, e.g., from the burning of fossil
fuels in one of the plant’s processes, whilst the second
scope comes from indirect emissions, e.g., from the
generation of the energy that is being purchased by the
plant. The overall CO, emissions are quantified by
summing the contribution of the clinker production
( eqr ) and the indirect emissions associated to
purchasing electricity (¢ cem):

CcikMcik
+ eel,cem (2)

€cemeq =
’ Meem

Where m,, and m,, are the yearly production of
clinker and cement in metric tons. The indirect emissions
are calculated based on the grid emission factor of the
specific location where the plant is situated. Another
important key performance indicator (KPI) is the cost of
CO; avoided (CAC), expressed in €/tcoz. The CAC reflects
the cost associated with reducing carbon dioxide

emissions and is a widely used metric for evaluating the
performance of carbon capture technologies.

coc - coc,
CAC = ref 3)

€cem,eq,ref — €cem,eq

2.3 MILP model

The optimization algorithm is applied only to the
energy supply part of the cement plant, considering the
active power balance of the whole plant and thermal
power balance of the clay calcination process. Thermal
power flows of the clinker production process are not
analyzed here since they are already considered in terms
of fuel consumption of the reference plant. Two types of
renewable generators (i.e., PV modules and Wind
turbines) and two types of thermal technologies (i.e., TES
and EHGG) are modeled. Moreover, the model is based
on a yearly time horizon (8760 hours) with a timestep of
one hour. The model is developed in a Julia/JuMP
environment using Gurobi as a solver.

2.3.1 PVplant

The PVGIS tool [13] is employed to estimate global
(6#) and diffuse (G/**/7) values of horizontal
irradiance considering typical meteorological year (TMY)
data. Solar angles are calculated based on geographic
information and PV module’s orientation, which includes
surface tilt and azimuth. This calculation allows for the
estimation of hourly values of global irradiance on a
tilted surface (¢7) [14]. In this analysis, a fixed-tilt PV

system is considered.

H,dif f . PV
I = ¢l (1 = )Rbt s (LeeostB) 4

6tp (F) |

Where Rb, is the ratio of beam radiation on tilted
surface, B*V isthe tilt angle of the module and p isthe
albedo, which is here defined as 0.2. The power
generated by a single module (P?V*™) can be calculated
as follows:

PtPV,uni — nPV,ref[l _ #(thell _ Tcell,STC)]Gg"APV

(4)

(®)

Where V"¢ isthe module’s efficiency at standard test
conditions (STC), pu is the temperature coefficient,
Tee is the temperature of the cell, T¢%STC s the
temperature of the cell at STC, and A7V is the surface
area of one module. To address variations in module
efficiency caused by temperature changes, Tf! is
estimated based on the dry-bulb air temperature (1,*"?),
which is available in the PVGIS TMY dataset, the nominal
operating cell temperature of the module (T¢¢NoC¢T), and

solar irradiance on the tilted surface.
T

thell - Tta,DB + (Tcell,NOCT _ 20)% (6)



The overall power produced by the PV plant (PFV) is
calculated by multiplying  P?"*™ by the number of
modules (NPV), which is a decision variable, and the
balance of the system efficiency (n5°5).

2.3.2  Wind turbines

Hourly wind speed data for 2021 were collected from
NASA’s POWER project [15]. Wind speed measurements
at different heights are used to estimate an average
power law coefficient, and then extrapolate the wind
speeds to the desired hub height of the wind turbine.

Discrete power curve values are used to fit a spline,
so that the power can be obtained according to any wind
speed inside the operating region of the turbine.
Furthermore, the number of wind turbines is a decision
variable that multiplies the power produced by a single
turbine, so that the overall wind power can be estimated.

2.3.3 TESand EHGG

Both the TES and EHGG considered here are
technologies that can convert electrical power to high
temperature thermal power through resistive heating.
The main difference is that the TES utilizes solid material
with high thermal capacitance to store heat, whereas the
EHGG dissipates heat directly to the gas stream, without
an energy buffer.

The hot gas generator simply converts electrical
(PEYEHSC) power to thermal power (P£%¢) based on its
rated efficiency (»FH¢¢). Its rated maximum power is a
decision variable (p°"£#66mex) "which is directly linked to

its capital cost.

Ptth,EHGG EHGG Ptel,EHGG (7)

=7
Conversely, the thermal storage model is based on an
intertemporal constraint that links two subsequent time

periods:
th,TES,dch

th,TES _ th,TES el,TES,ch_TES,ch t
Eqyn = E +(Pt nEe — yTES.dch )At (8)

Where E™TES is the thermal energy stored at time ¢.
pELTESCh and pHMTESACh gre the charging and discharging
powers. nTESch and qTESdch  agre the charging and
discharging efficiencies. It is assumed that the unitary
storage can be stacked in a modular way to increase
energy capacity and maximum charging/discharging
rates.

2.3.4 Power balances

Two types of power balances are defined while
assuming a single node model, i.e., power flows are
injected and absorbed into/from the same node. First,
the active power balance is defined as:

PtPV+PtWT +Ptgrid,abs — Dfl +PtEHGG,el +Ptel,TES,ch + 9
Pgrid,inj ( )
t

Where P77 is the power absorbed from the grid,
D¢t is the electrical demand of the cement plant, and
P s the power injected into the grid. It is worth
mentioning that binary decision variables
(x4 and x9S ) are introduced to prevent
simultaneous injection and absorption of power
into/from the grid. Egs. 10-12 enforce the non-
simultaneity constraint.

id.inj id,ab
xf” inj +x£qn abs <1 (10)
id.inj idinj. id,inj

Ptgrt inj < Ptgrt inj maxxfrl inj (11)
id,ab. id,abs, id,ab.

Ptgn abs < Ptgn a smaxxfrl abs (12)

The thermal power balance is set considering only the

clay calcination process.
PtEHGG,th + Ptth,TES,dch = pth (13)

2.3.5 Objective function

The objective function to be maximized is
represented by Eq. 1. Where new cost values are added
along with those related to the reference plant. For
instance, the CAPEX now includes investment costs
related to renewable generators and thermal
technologies. Likewise, OPEX now includes O&M costs of
installed technologies, but also operational expenses
related to buying power from the grid. In theory, surplus
power can also be sold and generate revenue.

3. RESULTS AND DISCUSSION

The analysis performed based on the
aforementioned methodology consists in comparing KPls
of the three different options:

e Reference cement plant (REF)

e Integration of electrified clay calcination
with the cement plant not considering
optimal sizing of on-site generation and
energy storage (ELCC)

e Integration of electrified clay calcination
with the cement plant considering optimal
sizing of on-site generation and energy
storage (ELCC-RES)

The performance of such layouts is location
dependent, especially for ELCC and ELCC-RES, mainly due
to the dependency on local costs of technologies,
electricity prices, grid emission factor and RES potential.
Therefore, a site in France is defined for the analysis.

3.1 Inputdata

The main inputs regarding the operation of the
cement plant considered for the three cases are
presented in Table 1. The parameters related to the
clinker production process used in the CEMCAP
economic model are the same for all the configurations,



since the clinker output is maintained while increasing
the overall cement throughput, when calcined clay is
used as a SCM.

Table 1 - Main operational parameters of the cement plant
ELCC/ELCC-RES
Clinker production 2895.5 tgk/day 2895.5 te/day
Capacity factor 91.3% 91.3%
Clinker-to-cement ratio 0.735 0.5
Calcined clay production - 1737.3 t./day
Raw meal 1.66 trawmeal/tck 1.66 trawmeal/tcik
Fuel 3.135 Gliuv/tax 3.135 Glinv/tak
Electricity (only for clinker) 131.9 kWhe/tak 131.9 kWhey/tak
7.9 kWhei/tec
Heat (clay calcination) - 455.5 KkWhin/tec
5 kgnha/tak 5 kgnhz/tak

The cost of the technologies included in the MILP
model is shown in Table 2. The PV system is considered
to be south-oriented, with a tilt of 15°, and with a
balance of the system of 87%. The grid emission factor is
set as 58 gCO,e/kWh [18], to account for the indirect
carbon dioxide emissions when power is bought from the
grid. Such value is low compared to other countries due
to the high share of nuclear energy in France’s electricity
mix. An average industrial price of electricity of 111.5
€/MWh is used as reference [19]. To investigate the
impact of dynamic pricing schemes on the solution, data
from the day-ahead (DA) market in France with respect
to 2021 is used [20]. The dynamic behavior of the DA
prices through the year is averaged to represent a single
day, then the hourly values are scaled to have a mean of
111.5 €/MWh. In such a way, the comparison between
uniform and dynamic pricing is more realistic. Moreover,
no selling price or incentive for injecting surplus power

into the grid is set in the case study.
Table 2 - Cost of technologies [16,17] and technical parameters

Parameter REF

Electricity (clay calcination) -

Amonia solution

Technology  CAPEX OPEX Rated capacity Efficiency
PV 743.5€/kwWw 14.1 €/kW 400 W 20.77 %
Wind turbines 1504.7 €/kW 45 €/kW 2 MW -
EHGG 60 €/kW - - 95 %
TES 50 €/kWh 0.4 €/kWh 340 MWh 98 %

The installation of photovoltaic modules and wind
turbines is subjected to a land-related constraint, where
the maximum available area for use is set as 1.25 km2.
The land requirements for PV and wind turbines are
assumed to be approximately 7.5 acres/MW and 85.25
acres/MW, respectively [21] [22].

3.2 Comparison of results

The main results related to the performance of the
three options are shown in Table 3. No carbon price is

assumed at this stage. It is noted that the cost of cement
for the scenarios with electrification is higher than the
reference one. However, the ELCC-RES show relatively
lower COC than the ELCC, mainly due to the lower
electricity OPEX, which consequently reduces the annual
expenses of the plant. Even if the difference of COC for
these two cases is not large, there is a significant
difference with respect to their CAC, reaching close to 16
€/tcoa.

Table 3 - Main results for the three options

CoC CAC TPC Expenses Electricity
Option  [€/tcem]  [€/tcoa] [M€]  [M€] OPEX [M€]
REF 56.74 - 250.69 50.06 14.65
ELCC 66.74 51.99 387.60 91.07 47.12
ELCC-
RES 63.55 35.13 434.22 80.37 35.71

A lower value of CAC for the ELCC-RES scenario
means that a lower carbon price is needed to make its
COC equal to the reference one. Furthermore, it is
interesting to note that even though the TPC increases
substantially in the ELCC-RES case, due to the installation
of PV and storage, the positive effect of the lower
electricity OPEX over the COC is more significant.

The cost breakdown of cement for the different
cases can be seen in Figure 1. It is noted that CAPEX and
fixed costs represent the main contributions in the REF
scenario. Instead, ELCC reveals a larger contribution of
electricity costs, which is approximately twice as much as
in the reference case. As previously mentioned, ELLC-RES
is characterized by lower electricity costs at the expense
of having a higher CAPEX contribution, when compared
to ELCC. Also, it is noted that the impact of fuel and raw
material into the COC slightly decreases due to partial
electrification and reduction of clinker-to-cement ratio.

B Emissions

[ Raw material

E= Fuel

[ Electricity

= Other variable costs

40

[ Fixed costs
= CAPEX

Cost of cement [€/t]

REF ELCC ELCC-RES

Figure 1 - Cost breakdown of cement
Table 4 shows the installed technologies in the
ELCC-RES case. In terms of on-site generation, 41.18 MW
of PV are installed while the wind capacity is 0 MW. This
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Figure 2 - Power dispatch during four consecutive summer days

probably occurs due to the combined effect of lower land
requirement and lower CAPEX of PV with respect to wind
turbines, even though the capacity factor of the latter is
almost three times higher. Another interesting point is
the selection of TES for supplying the heating demand in
conjunction with a smaller EHGG. However, it is
important to point out that the TES is selected only when
the dynamic pricing scheme is set, since the storage can
allow charging in hours of low electricity price. In fact, it
is noted that the energy arbitrage provided by the TES
accounts for a reduction of almost 5 M€ in the electricity
OPEX. This is analyzed by forcing the model to not choose

storage and comparing the annual expenses.
Table 4 - Installed technologies in ELCC-RES case

Technology Installed capacity Capacity factor CAPEX

PV 41.18 MW 12.87 % 30.62 M€
Wind turbines 0 MW 36.02 % 0 M€
EHGG 14.95 MW - 0.9 M€
TES 340 MWh - 17 M€

Figure 2 shows the active power balance and the
charging profile of the storage during four subsequent
summer days. It is noted that the power produced by the
PV plant only supplies part of the demand, which is
characterized by three different contributions: the
electricity demand of the whole plant, the power used to
supply the EHGG and the TES charging power. The
thermal storage improves the economic performance by
increasing flexibility and charging when electricity is
cheaper, i.e., during the first hours of the day. The EHGG
is used as an auxiliary asset, to top up the thermal power
needs and allow the storage to achieve the most optimal
utilization of its capacity.

In terms of emissions, REF, ELCC and ELCC-RES are
defined by approximately 0.627 tco2/tcem, 0.435 teoz/tcem
and 0.433 to2/teem, respectively. The quite small change
observed in the two last cases are most likely linked to:

e Higher contribution of direct emissions (coming
from clinker production) on the overall
emissions

e Very low grid emission factor in France

e Not large contribution of local renewable
generation over the total electricity supply

Therefore, it is noted that the benefits related to
installing on-site renewable generation and thermal
storage are primarily centered around the economic
aspect rather than the environmental one. However, the
difference in emissions from these two options can
become more evident when increasing land availability
and considering countries that have a high share of fossil
fuel power plants in their electricity generation mix.

3.3 Effect of carbon price

Carbon pricing has a direct influence on the COC
since the cost of emissions can be included in the OPEX
term of Eg. 1. As an example, when considering a carbon
price of 100 €/t.2, which can be a realistic price within
the European Union, the recalculated COC values are as
follows: 119.48 €/tcem for REF, 110.25 €/tcem for ELCC and
106.90 €/tcem for ELCC-RES. Figure 3 shows the new cost
breakdown for the three cases. In this context, it
becomes evident that the electrified options outperform
the reference one due to their lower specific emissions.
It is worth noting that the increase in carbon price does
not affect the solution in terms of installed technologies
of ELCC-RES. This is because the constraint of land
availability has already been reached when the carbon
price is at zero.
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4. CONCLUSIONS

The integration of an electrified clay calcination
process with a cement plant is investigated through the
assessment of its economic and carbon emissions
performance. An optimal sizing algorithm is developed to
size on-site renewable generation and a thermal storage
system so that electrical and thermal demands can be
satisfied while maximizing the net present value of the
project. The model chooses to install a PV plant and a
thermal energy storage that runs in parallel with an
electric hot gas generator. The option that considers
optimal sizing (ELCC-RES) performs slightly better both in
terms of cost and CO2 emissions, with respect to the one
without it (ELCC). Altogether, both ELCC and ELCC-RES
options show lower cost of cement, compared to the
reference case, when a carbon price of 100 €/t is
considered for calculating the cost of emissions. More
specifically, the cost of CO, avoided for ELCC and ELCC-
RES are 51.99 €/t.,; and 35.13 €/t.,, respectively. Future
studies should be performed to explore the extent to
which the outcomes depend on the geographic location
of the plant. Real-time grid carbon intensity could also
play a role in quantifying more accurately scope two
emissions savings. Moreover, a sensitivity analysis
should also be applied to the capital costs of the plant to
deal with price uncertainties and understand how CAPEX
variations influence COC and CAC values.
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