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Abstract

High-Temperature Heat Pump offer transformative solutions for most industrial application, potentially reducing CO-
emissions by 148 Mt/a. However, their implementation faces challenges and competition from traditional energy systems,
requiring strategic enhancements in design. The primary obstacle lies in absence of standardized methodologies for the
optimal system design for each industrial application, as each case requires a specific model that is difficult to adapt to
different operating conditions. Many studies examined cycle configuration and working fluid selection, but they often
investigated these aspects independently and relied on fixed literature correlations to predict component performance.
Hence, a detailed numerical model was developed and validated to simulate 59 potential refrigerants across six different
cycle configurations, using five different compressors and two heat exchanger technologies. For each possible combination,
energetic-economic-environmental analysis (including levelized cost of heat considering carbon tax) was evaluated across
wide range of operating conditions (source temperature: 0:100 °C, sink temperature: 100:200 °C). The finding showed that
single-stage cycles were optimal at temperature lifts <80 K, while cascade cycles dominated at higher lifts, and two-stage
flash cycles were optimal in selected intermediate cases. Cyclopentane, n-pentane, and methoxymethane delivered the best
performance, either alone in single-stage cycles or paired in cascade systems. Multi-stage centrifugal compressors were
optimal across most conditions. Optimal designs converged to a Carnot efficiency of ~0.6. Compressor costs dominated
the specific equipment cost (~60—70%), with heat exchangers contributing ~30%. Electricity consumption was the main
levelized cost of heat driver (~60%), followed by CO»-emission taxes (~15%) and capital cost (~20%).
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1. Introduction

Process heating accounts for a significant portion of European industrial energy demand, with 37% required
below 200 °C. Deploying High-Temperature Heat Pumps (HTHPs) in this sector could reduce CO, emissions
by up to 148 Mt/a [1]. While HTHPs are commercially mature for small-scale processes and temperatures
below 120-130 °C, large-scale applications with high temperature lifts (A7) remain challenging due to
technological and methodological challenges. The primary challenge is the lack of a standardized approach for
optimizing HTHPs for each industrial process, as each case requires a specific model, which is often time-
intensive to adapt to specific situations and working conditions. Previous studies have investigated cycle
configuration or working fluid selection, but typically these aspects have been independently examined.
Furthermore, these studies often relied on fixed or simplified correlations to predict critical components
(compressor, heat exchanger (HEX)) performance. Optimizing HTHP performance necessitates tailoring the
cycle and working fluid to specific application requirements. However, few studies simultaneously evaluate
cycle configuration and working fluid selection across broad temperature ranges, and existing studies [2-4]
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outline one-stage, two-stage, and cascade cycles but did not determine which configurations deliver the optimal
performance under specific operating conditions. Consequently, the literature lacks a comprehensive and
detailed numerical framework for identifying the optimal HTHP design. This study addresses this gap by
developing a validated numerical model to optimize the HTHP design, including cycle configuration, fluid,
and compressors and HEXs technologies selection. Then, the model evaluates performance across a broad
range of high-temperature conditions using key performance indicators (KPIs) that integrate thermodynamic,
economic, and environmental criteria, aiming to identify optimal designs for industrial applications up to
200 °C and reduce uncertainty in system selection.

2. Methodology

This study employed numerical models developed in MATLAB™ v2023a, with REFPROP 10.0 [5] for
thermophysical properties, to identify optimal HTHP designs. This study started with the analysis of key input
parameters, which served as the decision variables: heat source temperature, heat sink temperature, and heating
capacity. The heat sink outlet temperature (T, o) and heat source outlet temperature (Toyree ou) Were varied
between 100-200 °C and 0-100 °C, respectively, with AT} ranging from 20-180 K. The heat source
temperature glide (AT,.) Was fixed at 10 K, with a condenser heating capacity of 5 MW of steam at T -
Inlet sink temperature is subcooled water by 3 °C (it exited the condenser as saturated steam at Tgyy o). The
model evaluated 59 working fluids within six advanced HTHP cycle configurations, with five compressors
and two HEXs to compare how all possible combinations of all these aspects could influence overall efficiency.
The methodology started with a pre-screening of working fluids, followed by their classification according to
the required supply temperature to further reduce the candidate set. Subsequently, appropriate compressor and
HEX technologies were selected based on the target heating capacity. Finally, the system layout was optimized
to achieve optimal energetic, economic, and environmental performance. The configurations were specifically
chosen to highlight the potential of various cycles under these conditions. These included cycles with an
Internal Heat Exchanger (IHX) to ensure dry compression and improve performance, two-stage compression
cycles to decrease high compressor discharge temperature, and cascade cycles, which connected two basic
cycles, offered flexibility of using different refrigerants in each loop, making them suitable for high ATy
processes. The schematics and pressure-enthalpy (P-h) diagrams for all configurations were detailed in Fig. 1.

This research introduced a three-step framework that evaluated the interplay between cycle configuration,
working fluid, compressors, and HEX technologies. The process involved: (1) pre-screening candidate
working fluids; (2) assessing thermodynamic, economic, and environmental performance of each possible
HTHP design; and (3) comparing the top-performing designs to identify the optimal solution.

2.1. Working fluids pre-screening

Refrigerant selection is a critical factor in HTHP design, influencing cycle design, compressor discharge
temperatures, energetic efficiency, and component selection. Due to increasingly stringent environmental
regulations, fluids with zero ozone depletion potential (ODP) and low global warming potential (GWP) are
indispensable. Additionally, thermodynamic properties must be compatible with specific working conditions.

The screening of applicable refrigerants was therefore based on a multi-stage pre-screening process. From
an initial pool of 59 refrigerants, a primary filter was applied based on environmental criteria (GWP, ODP),
which yielded 29 candidates (R-1233zd(E), R-1224yd(Z), R-1234ze(Z), R-1336mzz(Z), R-1234yf, R-
1234ze(E), R-1216, R-1243zf, R-1336mzz(E), methoxymethane, ammonia, water, CO,, cyclopropane,
cyclopentane, propane, propene, n-pentane, isobutane, isopentane, butane, acetylene, ethane, ethylene, R-161,
R-1123, R-41, R-123, R-152a). These 29 fluids were then validated for their thermophysical properties (e.g.,
critical temperature, Normal Boiling Point) to ensure their applicability across the target operating conditions).

2.2. Energetic, economic, and environmental performance of all possible combinations

This section outlined the methodology to calculate the KPIs to compare possible combinations of working
fluids, cycle configurations, and compressor and HEX technologies across all the temperature conditions. A
standard set of design parameters and general assumptions was applied to all simulations. Thermal and pressure
losses were neglected, and expansion valves were assumed isenthalpic. A minimum pinch temperature
difference of 2 °C was imposed, with 5 °C superheating at evaporator outlet and 3 °C subcooling at condenser
exit. I[HX effectiveness was set at 0.75. In two-stage compression systems, intermediate pressure was defined
as the geometric mean of evaporation and condensation pressures. For cycles including flash tank, ideal vapor—
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liquid separation was assumed. Vapor leaving economizers was superheated by 5 °C, and mass fraction was
iteratively adjusted to satisfy second law of thermodynamics. For trans-critical cycles, gas cooler pressure was
optimized iteratively, starting at 10% above the critical pressure, to meet the minimum pinch temperature
requirement (0.5 °C). models were based on steady-state energy and mass balance equations.
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Figure 1: The schematics and pressure-enthalpy (P-h) diagrams for all configurations
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The key metrics, which used in the final step to identify the optimal system, included energetic performance
(COP, Carnot efficiency, #camor), economic feasibility (specific purchase equipment cost, SPEC),
environmental impact (Total Equivalent Warming Impact, TEWTI), and the main objective (Levelized Cost of
Heat when considering carbon tax, LCOHgcr) were computed using four interconnected models.

2.2.1. Thermodynamic model

The model first evaluated refrigerant properties at all cycle state points. After determining these states, the
COP was computed (Eq. 1) as the ratio between heating capacity (Osin) and required compressor electric power
(Peomp), where the latter was obtained using the compressor efficiencies. While constant compressor
efficiencies were often assumed, the wide range of suction and discharge temperatures leaded to significant
variations in pressure and volume ratios; influencing the efficiency. Therefore, a more detailed efficiency
model was adopted in the sizing model. Although COP is the standard performance metric for heat pumps, it
becomes unsuitable when comparing systems across different ATjq. In such cases, 7camor (Eq. 2) provided a
more meaningful indicator, as it related performance to the thermodynamic limit.

COP = Qsink/Pcomp (1)
Nearnot = COP/COPcqrnor , COPegrnor = Tsink/ATlift 2)

2.2.2. Sizing model

Accurate sizing of key components (compressors and HEXs) is essential for reliable energetic, economic,
and environmental assessment. Because HEX size and compressor load and size could vary with operating
conditions, detailed sizing models were required. The following sections described the approaches adopted.

2.2.2.1. Compressor Model

Compressors are the main power-consuming components and strongly influence system performance. As
different applications may require different technologies, five compressors (reciprocating, screw, low-speed
turbo, centrifugal, and turbo-fan) were assessed, including multi-unit for large volumetric flow rates and multi-
stage for high pressure ratios. For each type, appropriate ranges of flow rate and pressure ratio were defined.
To model performance, type-specific efficiencies (i.e., isentropic and volumetric or polytropic) were estimated
as functions of pressure ratio at average flow rate, based on manufacturer data [6-9], experimental results, or
validated literature models [10-20]. A constant electromechanical efficiency (#e;mec) of 0.95 was assumed.

2.2.2.2. HEX Model

Modeling energy exchange and predicting flow behavior between the refrigerant and secondary fluid in the
evaporator and condenser are challenging due to the presence of multiple flow regimes, hence specific
correlations for each HEX were employed. The heat source fluid was assumed to be water or a water—glycol
mixture, while steam was used as the secondary fluid at the heat sink. The HEX type (plate or shell-and-tube)
was selected based on the required heat transfer rate, and its size was determined from convective heat transfer
coefficients derived using literature correlations. For plate HEXs, the correlations by Longo et al. [21, 22] were
applied to the evaporator and condenser, respectively. For shell-and-tube HEXs, the correlations by Zhang et
al. [23] and Dalkilic et al. [24] were employed for the evaporator and condenser, respectively.

2.2.3. Economic Model

The economic analysis was based on estimating the SPEC using established cost correlations and the
heating capacity. Total capital expenditure (CAPEX) was then calculated by applying an average escalation
factor from literature [25] to the total equipment cost. This factor accounts for all associated project costs,
including integration, Balance of Plant (BOP), planning, and installation. A key advantage of this method was
that all cost correlations were expressed as functions of component size or capacity, allowing the economic
performance to be evaluated across different system scales. Since the computed equipment costs originated
from different years, they were updated to reflect current economic conditions. The Chemical Engineering
Plant Cost Index (CEPCI) was utilized to adjust for inflation and variations in the time value of money. The
cost correlations used for each component were presented below.
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2.2.3.1. Compressor cost

The compressor cost (Ceomp) Was estimated according to the compressor type. For screw compressors, the
cost primarily depended on the suction volumetric flow rate (v;;,). The correlation proposed by Ommen et al.
[26], which incorporated an exponential scaling factor, was applied as shown in Eq. 3.

PRNCXE
Ceomp,screw = 19,850 * (%) * CEPCI 3)

For reciprocating compressors, the cost is mainly a function of Pc.my. The correlation proposed by
Shamoushaki et al. [27] was used, as shown in Eq. 4.

Ceomprec = [LOG(Peomp) + 0.04147(1060,,,,1,)2 + 454.8(P.omp) + 1.81 % 10%] x CEPCI 4)

For centrifugal and turbo fan compressors, another correlation developed by Shamoushaki et al. [27] was
utilized, as displayed in Eq. 5.

Ceompcen = [L0G(Peomp) + 0.03867(11’“,,,1,&)2 + 446.7(Poomp) + 1.378 x 105] » CEPCI )
2.2.3.2. HEXs cost
The cost of HEXs was calculated based on their type and heat transfer area (Angx,i). For shell-and-tube

HEXs, the formula from Hosseinnia et al. [28] was applied (Eq. 6), using the correction factors (fi, fp, f7)
detailed in Table 1. For plate-type HEXs, the cost was given by Eq. 7, as developed by Ommen et al. [26].

10.68
Cugxser = 32,800 (%) fu * fp * fr * CEPCI ()

A 0.8
Chgxp = 15,526 * (A*f%) « CEPCI 7)

Table 1: Shell and tube HEXs factors [28]

Parameter fM . fp fr
Condenser 240 1.06 1.30
Shell and tube HEX Evaporator 2.40 1.00 1.00

Cascade HEX 1.70 1.04 1.03

2.2.3.3. Flash tank (FT) cost
The cost of FT was estimated using the correlation by Mosaffa et al. [29], which was based on the mass
flow rate m, as shown in Eq. 8.

Cpr = 280.3 x 1357 + CEPCI (8)

2.2.3.4. Throttling valve (TV) cost
The cost of TV was calculated by another correlation proposed by Mosaffa et al. [29], which was based on
the mass flow rate m, as shown in Eq. 9.

Cry = 114.5 * 1it,of * CEPCI 9)

An exchange rate from USD to € was applied for the reciprocating and centrifugal compressors, shell-
and-tube HEXSs, FTs, and TVs as their cost correlations were originally expressed in USD. The total equipment
cost is obtained by summing all component costs. SPEC, expressed in €/kWry, was then calculated by dividing
this total by the condenser-side heating capacity. The total equipment cost represented the manufacturer’s
purchase cost for all components. Additional expenses, such as integration, balance of plant (BOP), planning,
and installation, were incorporated to evaluate the total CAPEX by applying an escalation factor (fis).


https://doi.org/10.23697/1mky-6960

15th IEA Heat Pump Conference 2026 - HTH2.1 - https://doi.org/10.23697/1mky-6960

2.2.3.5. Operation expenses (OPEX)

OPEX consisted of the electricity cost for operating the heat pump (OPC) and a fixed annual operation and
maintenance cost (O&MC). The O&MC was set to 4% of the compressors and HEXs cost and 2% for all other
components. OPC was calculated from Pcomp, the annual operating hours (4,,), and the specific electricity
purchase price (Cserc), Which excluded any carbon-tax component from the grid mix.

Total annual cost (TAC), expressed in €/y, was evaluated from the total CAPEX, OPEX (O&M and OPC),
and the capital charge factor (CF), as defined in Eq. 10. All related parameters were summarized in Table 2.

TAC = Y™, fins * CF % C; + O&MC; + OPC (10)

Table 2: parameters of the economic model

Parameter Value Ref.
Specific electricity purchase price (Cseic), €xcluding carbon tax associated to CO, emissions from electricity mix 100 €MWh [30]
Annual interest rate (i) 8%

Lifetime (n) 20 years

Annual full-load operating hours (h,,) 8,000 hours/y
Exchange rate from USD to € 0.9

Cost escalation factor for integration, Balance of Plant (BOP), planning, and installation (fi,) 2.5 [25]

2.2.4. Environmental Model

TEWI was evaluated [31, 32] (Eq. 11) to assess the carbon footprint of the analyzed systems. This metric
combined the direct impact, which was governed by the refrigerant’s GWP and was independent of input pcomy
and operating conditions, with the indirect impact, which was primarily driven by electric energy consumption.

The latter typically being dominant unless a fully renewable power mix was used, all related parameters were
detailed in Table 3.

TEWI = GWP * Ly *n+ GWP *mgp * (1 —a) + n* Poopyp * hop * (11)

Table 3: parameters used in TEWI evaluation

Parameter Value Ref.
Charging mass (mcp) 100 kg / MW of heating capacity

The annual refrigerant leakage (L) 5% of mqp, [32]
The recycling factor of the refrigerant (o) 85%

Fossil CO, emissions from electricity consumption () 0.2958 kg/kWh [32]

2.3. Screening of the optimal combination

A post-processing model identified the optimal system configuration, working fluid, and component
technology by jointly considering energetic, economic, and environmental metrics, with LCOHgcr as the
primary objective. As shown in Eq. 13, LCOHgcr accounted for the Carbon Tax (CT). Based on yearly EU
Carbon Permits, CT of 80 €/tCO, was utilized [33]. The tax is applied to both Scope 1 (refrigerant leakage,
direct) and Scope 2 (electricity, indirect) emissions.

TEWI

TACger = TAC + CTyp, CTyp = CT * — (12)
LCOH o = —256CT_ )
Qsink * hop

3. Results and discussion

This study evaluated HTHP systems, each defined by a unique combination of cycle configuration, working
fluid, compressor, and HEX technology over a comprehensive operational matrix to cover most industrial
process heat conditions. Tygyceone Was varied from 0 °C to 100 °C (20 °C increments), representing common
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industrial excess heat. A 10 K glide was assumed for the heat source, reflecting typical process cooling
applications (e.g., fermentation, boiling recovery). AT};; was spanned from 20 K to 180 K (20 K increments),
resulting in Ty up to 200 °C. The heat sink was modelled for steam production, characteristic of high-
demand industrial sectors (e.g., food and beverage, chemical distillation, paper making, pharmaceutical
process, or milk dairy process).

3.1. Optimal cycle configuration and working fluid combination

While more advanced configurations with additional components yielded higher energetic performance, but
energetic performance alone was insufficient. Hence, this analysis did not rely on energetic metrics alone, and
also considered economic and environmental criteria, with the main objective of minimizing LCOHgcr. All
feasible combinations of system configurations, working fluids, and compressor technologies were compared
to identify the optimal solution at each temperature condition based on energetic, economic, and environmental
KPIs as depicted in Fig. 2. The results showed a clear dependency on ATj;. At low lifts (< 80 K), single-stage
cycle configurations consistently provided the optimal solution. However, as AT}y increased, these
configurations were quickly outperformed. At high lifts (> 80 K), the cascade cycle was the optimal solution
for most scenarios, followed by the two-stage cycle with a flash tank. These trends were consistent with
thermodynamic expectations and served to illustrate the robustness of the proposed methodology. An
application of the methodology to a brewery process is presented in Hamada et al. [34]. Regarding working
fluids, cyclopentane, n-pentane, and methoxymethane were the most promising candidates, either individually
in single-stage cycles or in combination within Cascade systems. Among compressor technologies, multi-stage
centrifugal compressors were the optimal choice in most scenarios. This was a direct consequence of the 5
MW heating capacity, which resulted in very high volumetric flow rates. These flow rates often exceed the
operational range of other compressor types. While multi-unit setups of other types could handle the flow rate,
their efficiencies diminished significantly at the high-pressure ratios required. Therefore, the dominance of
centrifugal compressors was highly dependent on the heating capacity; a different capacity could result in a
different optimal technology. Cases highlighted in red circles indicated compressor discharge temperatures
exceeding 200 °C. This surpassed the 175 °C limit of most current commercial compressors, a restriction
typically imposed by refrigerant thermal stability [32]. For this analysis, a higher limit of 250 °C was adopted.
This was done to reduce computational cost and to anticipate rapid technological advancements in compressor
design that may soon overcome current thermal limitations.

Optimal Configurations, Fluids, Systems, and Compressors Legend & Descriptions
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Figure 2: Optimal configuration, refrigerant, and compressor technology at each temperature condition
3.2. Energetic performance

Fig. 3 presented the COP of the optimal solution at each temperature condition, with energy performance
compared using the COP and #cqmor parameters. The system COP depended on the system’s internal energy,
influenced by compressor efficiency, operating pressures, and temperatures. The results demonstrated that at
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a constant Ty, COP decreased exponentially with increasing ATj. This decline was due to the rising
pressure ratio associated with higher ATy, which also significantly reduced compressor efficiency. Across
the evaluated temperature conditions, the optimal systems demonstrated a #cqmor consistently near 0.6. This
convergence confirmed the high energetic efficiency of these solutions. For each Ty, the highest 7cumo Were
observed at high ATz combined with low T, @ condition that minimized evaporator losses, except for
the optimal system at the T,,,... =20 °C and Ty, =200 °C. In contrast, the lowest #camor resulted from low
ATy and high T, Which substantially increased losses from the evaporator.

Optimal COP vs. ATIift for Different Sink Temperatures
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Figure 3: Optimal COP vs AT for different Tk
3.3. Environmental performance

The analysis revealed that TEWI was strongly correlated with ATj;. As shown in Fig. 4, increasing ATy
(i.e., reducing Ty, ata given Ty,) increased the power input, thereby increasing the indirect impact and
significantly elevating total TEWI. Notably, the optimal system at the operating condition of T, .. =20 °C
and T, =200 °C yielded the highest equivalent CO, emissions, a finding directly attributable to the system's
inferior energetic performance. Analysis of the TEWI breakdown at T, = 160 °C (Fig. 5) showed that the
total TEWI was almost exclusively composed of the indirect component, with direct emissions representing
less than 1%, confirming the strong influence of energy consumption on the system's carbon footprint. The
indirect (Scope 2) impact depended on the carbon intensity of the electricity supply, which varied with location
and energy mix. In this analysis, the carbon intensity was assumed to match the average emission factor of EU
fossil-fuel-based power generation. In contrast, under a fully renewable electricity scenario, this indirect
impact would be negligible.

3.4. Economic performance

The economic analysis employed two metrics. The costs of the different cycles were assessed first using
SPEC and then using LCOHgcr, which provided a comprehensive evaluation by including integration,
balance-of-plant (BOP), planning and installation expenses to evaluate the total CAPEX, OPEX (electricity,
and O&MC for each component), as well as CO: emission taxes (mostly from indirect TEWI via electricity).

Since HEXs and compressors are key cost drivers in HTHP systems, particular attention was given to their
cost estimation. The analysis showed that the SPEC of the optimal systems increased at low Ty,cc, reaching
up to 616 €/kWry for the case with T, ..= 0 °C and T, = 180 °C, while for most conditions it remained
within 200-500 €/kWru. At higher T, .., SPEC values converged and ATj;; had a smaller influence, except
cases with Ty, =200 °C. To clarify the cost structure, Fig. 6 presented the SPEC breakdown of the optimal
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systems at a Ty, of 160 °C. In most cases, compressors accounted for 60-70% of total cost, with the

remaining ~30% attributed to HEXS.

The LCOHgcr analysis showed values between 20—-100 €/MWh for all operating conditions, depending on
ATy and Ty, An exception was the optimal system at Ty o= 20 °C and T, =200 °C, where the LCOHgcr
increased to 133 €/MWh due to its poor energetic performance. For complete comparison, Fig. 7 presented the
LCOHgcr breakdown of the optimal systems at a Ty, of 160 °C. In most cases, electricity consumption was
the dominant cost, accounting for ~60%, while ~15% was associated with CO- emission taxes (mostly from

indirect TEWI via electricity). Total CAPEX contributed ~20%.

Total Equivalent Warming Impact (TEWI) for Different Sink Temperatures
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Figure 4: TEWI of the optimal cases vs Tyouree for different Ty = 160 °C
Total Equivalent Warming Impact (TEWI) at Tsink =160 °C
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Figure 5: TEWI Breakdown of the optimal cases vs Tsource at Tsink = 160 °C


https://doi.org/10.23697/1mky-6960

15th IEA Heat Pump Conference 2026 - HTH2.1 - https://doi.org/10.23697/1mky-6960

Specific Purchase Equipment Cost Breakdown (SPEC) at Tsink =160 °C
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Figure 6: SPEC Breakdown of the optimal cases vs Tsource at Tgink = 160 °C

Levelized Cost of Heat considering Carbon Tax [LCOHGCT] Breakdown (€/MWh) at Tsi"k =160 °C
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Figure 7: LCOHgcr Breakdown of the optimal cases vs Tsource at T = 160 °C
4. Conclusion

This study numerically evaluated 59 working fluids across six closed vapor compression cycles, utilizing
five compressor types and two HEX technologies. The analysis simulated all possible combinations under
wide operating range of high-temperature conditions, assessing them against energetic (COP, 7carnor),
environmental (TEWI), and economic (SPEC) metrics, with LCOHger used as the primary optimization
criterion. The objective was to determine the optimal HTHP design by jointly considering all these aspects for
various temperature levels, thereby highlighting efficient, innovative solutions for industrial applications. The
main conclusions were as follows:
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e The optimal cycle configuration strongly depended on ATj;. Single-stage cycles were optimal at
low lifts (<80 K), while cascade cycles dominated at high lifts (>80 K), while two-stage flash cycles
were the best option for also some intermediate cases.

¢ Cyclopentane, n-pentane, and methoxymethane consistently showed the highest performance, either
individually in single-stage systems or paired in cascade configurations.

e Multi-stage centrifugal compressors were optimal in most cases due to the high heating capacity,
which imposed large volumetric flow rates.

e Across all conditions, optimal systems converged to a #cqmor 0f ~0.6. Higher values occurred at large
ATyi with low Ty yce, conditions that reduce evaporator losses.

e Increasing ATj;; raised indirect TEWI, which dominated total impact. Direct emissions contributed
<1%, confirming that system’s carbon footprint is almost entirely driven by electricity consumption.

e Compressor costs dominated the SPEC, representing 60—70%, while HEXs accounted for ~30%.

e Electricity consumption (~60%) dominated the LCOHgcr, while CO2-emission taxes contributing
~15% and CAPEX accounting for only ~20%.
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