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In this work, authors present a modular design for solid oxide fuel 1 

cell systems, aiming to enhance scalability and efficiency. It 2 

achieves 66.3% electrical efficiency, reduces water use by 60%, 3 

and fresh air demand by 22%, offering a cost-effective solution 4 

for large-scale power generation. 5 
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Abstract

The increasing demand for renewable energy integration and scalable power generation high-

lights the need for efficient and cost-effective solid oxide fuel cell systems. In this study, we

present a modular hybrid design framework that enables flexible solid oxide fuel cell scale-up by

interconnecting standardized component modules. We introduce a series-parallel configuration

that strategically leverages anode and cathode off-gas recirculation to enhance both electrical

and thermal efficiency. Through a detailed case study, we demonstrate that the hybrid design

achieves 66.3% electrical efficiency while reducing external water use by 59.9% and fresh air

demand by 22%, outperforming conventional system designs. We further conducted a techno-

economic analysis across four scale-up strategies and found that the hybrid design delivers the

lowest levelized cost of electricity at 0.155 $/kWh. Through this work, we have highlighted

the critical trade-offs between centralization and decentralization, high- and low-technology

readiness level technologies, and economies of scale versus manufacturing capacity. We believe

our findings underscore the potential of modular and standardized systems to provide scalable,

efficient, and economically viable solutions for future low-carbon energy infrastructures.

Keywords: Solid Oxide Fuel Cell; Modular Design; Centralization; Decentralization;

Standardization; Scale-up
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Introduction

The transition to renewable energy is essential for global efforts to reduce greenhouse gas1

emissions and establish sustainable energy systems. Climate-induced water shortages increas-2

ingly threaten power generation, underscoring the need for technologies that are less dependent3

on water resources [1]. Wind, solar, nuclear, and bioenergy are particularly notable for their4

capacity to reduce emissions of electricity, heat and liquid/gaseous fuels production, with the5

potential to achieve up to 68% emission reduction [2]. Additionally, renewable energy sources6

exhibit over 40% lower life-cycle emissions compared to fossil fuel-based technologies integrated7

with carbon capture and sequestration (CCS) [3; 4]. Although renewable energy substantially8

reduces emissions compared to conventional power systems, its intermittent nature poses op-9

erational challenges. Addressing these challenges requires geopolitical stability and governance10

support [5], robust planning, considerable investments [6], and advanced technologies to ensure11

a stable energy supply. By the end of the century, substantial investment will be needed to12

adapt energy infrastructure, particularly in developing regions [7].13

14

Technological advancements, particularly in energy storage, are critical for managing the15

intermittency and variability of renewable energy production while ensuring energy security16

and grid stability [8]. With the integration of energy storage, the installation of 60 GW of17

renewable capacity could reduce CO2 emissions by 72–90%, while curtailment could decrease18

up to 30% [9]. Moreover, energy storage plays a vital role in supporting climate goals, enabling19

renewable energy to contribute up to 66% of final energy consumption by 2050 under 1.5◦C20

scenarios [10]. Short- and long-term storage solutions complement each other in addressing21

mismatches between energy supply and demand. Batteries are well-suited for short-term stor-22

age, while power-to-x-to-power (PtXtP) systems, such as hydrogen, provide an economically23

viable option for cross-seasonal storage needs [11]. Finally, integrating storage into community24

energy systems can reduce design costs by up to a factor of four and achieve over 80% energy25

self-sufficiency, significantly decreasing reliance on external energy sources. [12].26

27

While PtXtP systems are essential for enabling renewable energy integration and long-term28

energy storage, this study focuses on their downstream stage, X-to-power, which is critical for29

improving overall system efficiency and ensuring the viability of large-scale renewable deploy-30

ment. Solid oxide fuel cells (SOFCs), which operate at high temperatures, have demonstrated31

exceptional reliability, the acceptable efficiency degradation rate of 0.2%/kh at constant power32
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[13; 14; 15; 16], and rapid reversibility to electrolyzer mode, making them ideal for continuous33

electricity production within X-to-power systems and the co-generation of high-quality heat34

[17]. Moreover, due to the fuel flexibility of SOFCs, using biomethane for electricity generation35

can reduce emissions by up to 80% compared to non-renewable electricity production routes36

[18; 4]. This highlights the strong potential of SOFCs for integration into future large-scale37

energy systems while maintaining sustainability [19].38

39

Despite the promising prospects of SOFC systems for electricity production, they are still40

emerging technologies with significant scope for enhancements to broaden their large-scale ap-41

plication, including both system performance, particularly efficiency improvement, and cost42

reduction for industrial deployment [20]. From a system improvement perspective, current43

commercial SOFC systems generally operate without any off-gas recirculation, which indeed44

simplifies the system layout and control. However, the absence of recirculation results in a45

substantial demand for external water, which can become costly when accounting for water46

purification and evaporation energy requirements. A commonly adopted improvement is anode47

off-gas (AOG) recirculation, which utilizes the steam content in the exhaust to reduce external48

water consumption and enhance overall fuel utilization. Nevertheless, the benefits of AOG49

recirculation do not always outweigh the additional power required to drive the recirculation50

blower, potentially lowering net efficiency. Furthermore, since commercially available blowers51

cannot typically handle high-temperature gas streams, heat exchangers are required to cool and52

reheat the AOG flow, leading to thermal losses and increased system complexity.53

54

While improving conversion efficiency is critical for scaling up SOFC systems [21], adopt-55

ing a modular approach is equally essential for reducing system costs. Large-scale deployments56

generally correlate with decreased costs and reduced energy expenditures [22], fueled by market57

growth and increased system production rates [23]. Hence, effective strategies must be devel-58

oped and implemented to ensure that SOFC technology becomes cost-effective and scalable.59

Currently, SOFC-based power generation systems are highly customized, limiting scalability60

and increasing manufacturing complexity. To overcome this, modularity should extend beyond61

the stack to encompass the entire system layout [13]. A standardized modular design could fix62

system configurations [24], enabling manufacturing plants to streamline production by focusing63

on fixed component modules with predefined pipeline connections [25; 26]. For example, Bloom64

Energy has successfully deployed a 20 MW fuel cell system by interconnecting multiple 100 kW65

SOFC modules. However, there remains a significant gap in both industrial and academic do-66
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mains regarding references, guidelines, and strategies for integrating small SOFC modules into67

larger-scale systems.68

69

Thus, in this study, we focus on enhancing system efficiency while adhering to industrial70

constraints and propose a modular production approach for solid oxide fuel cell-based power71

generation systems. The aim is to identify scalable solutions by examining how different mod-72

ules can be interconnected, either in parallel, series or combination of both, to form a complete73

system [27]. Additionally, the study evaluates which components should be centralized and74

which should remain decentralized, considering both system performance and economic fea-75

sibility. This ensures a balance between minimizing plant complexity and aligning with the76

market availability of component modules. By addressing these questions, we aim to provide77

a methodological framework for scaling up SOFC-based power generation systems using mod-78

ular components, supporting cost-effective, market-ready solutions that are also relevant to79

long-term and large-scale energy storage strategies.80
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Results81

SOFC hybrid design - AOG recirculation heat cascade82

In this section, we present a hybrid design for SOFC system scale-up based on a single-layer83

stack module with an active area of approximately 300–320 cm2 (0.1 kW) rather than a multi-84

layered stack to illustrate the system design concept and standardized flow information for ease85

of scale-up. Although such small stacks are rarely used in practice, they serve as a theoretical86

basis for conceptual development. Figure 1(a) illustrates the first potential/conventional design87

for effectively utilizing AOG, featuring three main component modules: an external reformer,88

a single-layer stack, and heat exchangers. It is crucial to clarify that this figure represents a89

theoretical process flow diagram; practically, systems are not operated with a single-layer stack,90

and reformers of such a small scale are generally not available commercially. Nevertheless, the91

results demonstrated here can easily be used by the industry to linearly scale up to meet specific92

customer requirements regarding system capacity and market availability.93

94

In this design, fuel is heated to the required temperature for external reforming to produce95

syngas, which is subsequently heated to the necessary temperature for entry into the stack,96

where the chemical energy of the fuel is converted into electricity. The electrochemical reac-97

tion within the stack is exothermic, typically resulting in a temperature increase of 50-100°C98

at the stack’s outlet. For instance, Figure 1(a) depicts a stack inlet temperature of 680°C99

and an outlet temperature of 750°C, with a single-pass fuel utilization of less than 0.85 (as100

introduced in Section b and b), indicating the presence of unconverted fuel downstream of the101

single-layer stack. This unconverted fuel is often recirculated to enhance global fuel utilization.102

The high-temperature AOG flow, which has enough steam, can be divided into two streams103

for effective utilization of available waste heat and to avoid the need for external water. One104

stream is mixed with the fuel before entering the reformer, eliminating the need for a heater105

(Q1=0 kW) before the reformer and potentially negating the duty required by the adiabatic106

reformer (QR=0 kW) if the flow is sufficiently large. The other AOG stream is mixed with the107

output from the reformer, potentially removing the need for a heater (Q2=0 kW) before the108

stack. Figure 1(a) shows the standardized molar flow rates, indicating that the required AOG109

flows by the reformer and single-layer stack are approximately three and ten times greater than110

that of the fresh fuel.111

112

The primary challenge in the conventional design in Figure 1(a) is overcoming the pressure113

5
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P
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Figure 1: Solid Oxide Fuel Cell (SOFC) system configurations for enhanced anode off-gas utilization. (a)
Conventional design, and (b) hybrid design, based on 0.1 kW (300-320 cm2) single-layer stack (theoretical
basis)

losses in the reformer and the stack to facilitate upstream mixing of AOG flow. This is typically114

addressed by employing an AOG blower, though high-temperature blower efficiencies are low.115

As a substitute, the low-temperature blower can be used, but this adds complexity due to the116

requirement of additional coolers/heaters, thereby increasing the number of pipeline connec-117

tions. Alternatively, two ejectors could be used to manage the pressure differential, though118

this approach is uncommon and too customized and may still require further research before119

practical industry implementation.120

121

In this study, we have proposed an approach for scaling up SOFC systems, referred to as122

the hybrid design, as presented in Figure 1(b). Instead of recirculating AOG back to its origi-123

nating stack, it is directed from an upstream stack to a downstream one, assuming a pressure124

differential is maintained. This enables AOG from the preceding stack to mix with incoming125

fresh fuel for the subsequent reformer and stack, eliminating the need for an AOG blower to126

overcome pressure losses. Moreover, the steam content in the high-temperature AOG satisfies127

the S/C ratio, thereby removing the need for external water in the downstream reformer and128

stack. The pipeline configuration also eliminates the requirement for two heaters typically used129

to preheat the fuel-steam mixture, before the reformer and the stack. This hybrid design can130

6



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

be systematically replicated up to the Lth stack, supporting improved scalability and efficiency.131

As shown in Figure 1(b), AOG flow from two single stacks operating in parallel is sufficient to132

supply multiple stacks in series. If needed, a portion of the AOG from the parallel stacks can133

be diverted to the burner. The distribution of AOG between parallel and series stacks can be134

optimized to meet system requirements and enhance global fuel utilization.135

136

Overall, optimum AOG usage within the hybrid system design for scaling up involves two137

stacks operating in parallel, each with X kW capacity (or a single stack with 2×X kW capacity).138

These are then connected to the subsequent stacks operating in series, each also with X kW139

capacity. The rationale for adopting the configuration with two stacks operating in parallel140

and then connected in series is based on the thermal balance and the steam required by the141

subsequent reformer and the stack units. The total flow rate from the two parallel stacks (2×X142

kW) represents the minimum value needed to effectively remove the heat exchangers positioned143

before the reformer and the stacks, ensuring adequate preheating and steam supply, improving144

system efficiency and minimizing unnecessary thermal losses. Although configurations with145

more than two stacks in parallel are technically feasible, they would generate excess flow be-146

yond what is required. This surplus flow would then need to be directed to the burner, where147

its chemical energy would be converted into heat.148

149

In the proposed SOFC system design, the stack has to be decentralized, allowing for the use150

of standardized sizes produced by the manufacturer. Similarly, the reformer is also considered151

decentralized, with standardized sizes, as it is solely designed to provide syngas to the directly152

linked stack. Conversely, the burner is treated as a centralized component designed to collect153

and combust all unconverted fuel. However, this centralization does not imply that only one154

burner will be used in practical applications; the actual number of burners deployed depends155

on the availability of appropriate sizes in the market, which is discussed further in cost analysis.156

157

The proposed hybrid design requires a detailed pressure analysis to determine the minimum158

inlet pressure (P0) for the first two stacks operating in parallel. This pressure must be suffi-159

cient to overcome all downstream pressure drops across reformers, stacks, and the burner while160

ensuring that the cooled exhaust gases remain slightly above atmospheric pressure for effective161

collection. Although elevated operating pressures can enhance SOFC system performance, they162

also introduce safety risks. Therefore, accurate estimation of the minimum required P0 on both163

the anode and cathode sides is essential for safe and efficient system operation. Traditionally,164

7
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pressure drops for various components in industrial settings are estimated based on empirical165

correlations. However, in this study, we employ a more fundamental approach, combined with166

literature-based data, to estimate pressure drops using a Monte Carlo framework. The intent167

is not to treat geometric or kinetic parameters as inherently random, but to conduct a broad168

uncertainty exploration across plausible operating and design ranges (e.g., flow rate, channel169

diameter, reactor height). Joint sampling over uniform ranges allows interactions among vari-170

ables to be evaluated rather than only one-factor-at-a-time variation, helping to identify a171

realistic upper bound. We adopt the 95th percentile of the sampled pressure drop as a con-172

servative design requirement to ensure adequate margin (see Section Pressure drops estimation).173

174

Three key components, namely reformer, stack, and burner system, exhibit crucial pressure175

drops that significantly influence the value of P0. In stacks, pressure losses are determined by176

the fluid’s viscosity, density, and flow distribution and can differ between the anode and cathode177

sides. It is important to note that each stack may comprise multiple layers, with the inlet flow178

distributed uniformly among these layers. As a result, the total pressure drop across a stack179

remains constant regardless of the number of internal layers. From the modelling results, the180

first two stacks, operating in parallel, exhibit an anode side pressure drop of 26.5 mbar. The181

subsequent stacks, operating in series, each experience a slightly higher pressure drop of 36.9182

mbar due to the slightly higher flow rate and slightly different gas compositions, which does183

not bring a significant impact on the stack, as it is still far from the maximum stack pressure184

drop. Consequently, to simplify the analysis and ensure conservative estimations, a uniform185

pressure drop of 40 mbar (∆PS) has been applied across all stacks.186

187

The pressure drops across the reformer and burner system are primarily determined by188

catalytic reactor and combustor design principles. For the reformer, Monte Carlo simulations189

suggest that the pressure drop is most likely around 4 mbar, with a statistical maximum value190

of around 9 mbar. Therefore, to accommodate potential variations, a value of 10 mbar has191

been assigned for each reformer (∆PR). The mean estimated pressure drop for the burner lies192

around 2 mbar, with the maximum value reaching 5 mbar. Due to the higher uncertainty in193

this estimation method, a conservative value of 15 mbar (∆PB) has been used for the burner.194

Finally, for all burner downstream components, including the cooler and condenser, a pressure195

drop of 10 mbar is considered. More details on these pressure drop calculations can be found196

in the SI, Section B2 (Table B2.1 and Figure B2.2).197

198

8
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Overall, Equation 1 describes the pressure calculation in relation to the number of single-199

layer stacks connected in series, denoted by L. The inlet pressure at the anode side of the200

first two parallel stacks, P0,anode, must be sufficient to overcome the cumulative pressure drops201

across all downstream components. To mitigate the risk of fuel leakage, P0,anode is typically202

maintained higher than P0,cathode. Therefore, the cathode inlet pressure, P0,cathode, is set based203

on the allowable pressure drop across the stack (∆Pmax), as presented in Equation 2.204

P0,anode(bar) = ∆PS + L× (∆PR +∆PS) +∆PB + Patm

= 0.075 + 0.05× L+ Patm

(1)

P0,cathode (bar) = P0,anode −∆Pmax (2)

SOFC hybrid design - COG recirculation heat cascade205

Cathode off-gas (COG) recirculation is rarely explored in modern fuel cell system designs, as206

it involves complex challenges similar to those of AOG recirculation, including the need for spe-207

cialized components such as high-temperature blowers or ejectors to overcome pressure drops.208

Despite these challenges, COG recirculation offers benefits such as improved heat management209

and reduced fresh air consumption. Although the energy consumption of a COG blower may210

account for approximately 5% of the power generated by the stack [28], optimizing COG recir-211

culation could still enhance overall system efficiency. Thus, this section explores strategies for212

effective COG utilization, building on the findings from AOG configurations. For simplicity,213

the analysis is also presented using a single-layer stack; however, the system configuration is214

equally applicable to stacks with multiple layers, as both mass and energy balances scale linearly.215

216

As two stacks operate in parallel and additional stacks are arranged in series (the AOG217

configuration from the previous section), three primary COG configurations can be identified,218

as shown in Figure 2. Initially, fresh air is compressed by a blower (B0); typically, the cathode219

air inlet pressure is maintained between 10 mbar and the maximum allowable pressure differ-220

ence (∆Pmax), below the anode fuel inlet pressure. This ensures safety by preventing leakage or221

explosion while maintaining a cathode outlet pressure above atmospheric pressure for proper222

exhaust release. After compression, the air is heated to the required stack inlet temperature223

in a heater (H0) before being distributed to the two parallel stacks, supplying the necessary224

oxygen and regulating stack temperature. In all three COG configurations shown in Figure 2,225

the air flow rate and air processing module arrangement are consistent for the first two parallel226

9
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stacks.227

228

Series stack L 
(single layer)

Parallel stack K
(single layer)

Parallel stack 1 
(single layer)

Series stack 1 
(single layer)

K = 2

Parallel stack K
(single layer)

Parallel stack 1 
(single layer)

1.1E-02 mol/s

Fresh 
air

Series stack 1 
(single layer)

Series stack L 
(single layer)C1

C0
To CL

CL

H0

Cooled 
depleted air

(a)

(c)

To CL
From other

layers/stacks

Parallel stack K
(single layer)

Parallel stack 1 
(single layer)

1.1E-02 mol/s

Fresh 
air

H0

H1

Fresh 
air

Series stack 1 
(single layer)

Series stack L 
(single layer)

〜 1.4E-02 mol/s

〜 1.4E-02 mol/s
CL

Cooled 
depleted air

K = 2

1.1E-02 mol/s

Fresh 
air

To CL

CL

H0

Cooled 
depleted air

(b)

To CL From other
layers/stacks

H1

Fresh 
air

K = 2

To CL

B0

B0

B1

B1

B0

P0, cathode

P0, cathode

P0, cathode

Figure 2: Solid Oxide Fuel Cell (SOFC) system configurations for enhanced cathode off-gas utilization. (a)
Simple series configuration, (b) complex series configuration, and (c) parallel configuration or hybrid design,
based on 0.1 kW (300-320 cm2) single-layer stack (theoretical basis)

In the first simple series configuration (Figure 2a), the COG flow is nearly halved at the229

cathode outlet of two parallel single-layer stacks; one part of this flow, containing diminished230

oxygen, is cooled in a cooler (C0) to the required stack inlet temperature and then directed to231

the first stack in series. This process is repeated between each pair of consecutive stacks in the232

series arrangement. The only constraint in this configuration is that the oxygen mole fraction233

in the depleted air (i.e., cathode outlet flow) from the Lth stack in series must exceed a certain234

percentage, as specified by the stack manufacturer, to prevent any potential degradation. For235

example, if a minimum of 10% mole O2 is required, then only three stacks can be linked in236

series (L=3). Ultimately, depleted air from various stacks is collected and passed through the237

cooler CL. The system includes one heater (H0) and L+1 coolers (C0, C1-CL). Additionally,238

since the cathode air inlet composition for each stack differs, the required flow rate may vary239

10



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

slightly, implying potential variations in pipelines. Overall, this configuration is constrained by240

the limitations of the stack design.241

242

Figure 2(b) illustrates (the second) COG complex series configuration, where the airflow243

through the two parallel single-layer stacks remains identical to that in Figure 2(a). After244

supplying oxygen and balancing heat in the parallel stacks, a portion of the cathode outlet air245

is mixed with a controlled amount of fresh air. The fresh air is preheated to ensure that, after246

mixing, the resulting flow meets the temperature requirements of the next stack in the series.247

In principle, the cathode outlet air can be split in any ratio, and fresh air can be adjusted to248

meet flow and temperature demands, provided the oxygen mole fraction at the cathode outlet249

remains above a critical threshold to avoid degradation. Ideally, most of the cathode outlet air250

would be reused to minimize fresh air demand and reduce power consumption by the secondary251

blower (B1). This process could be repeated for each subsequent stack in series. The design252

imposes significant operational constraints, particularly due to the difficulty of managing fresh253

air flow. Any variation in fuel composition or stack performance requires real-time airflow ad-254

justments, making the system highly sensitive to heat balance. This complexity complicates255

control and undermines the modularity essential for scalable SOFC design.256

257

Figure 2(c) presents the third COG configuration, representing a hybrid parallel design.258

While the initial airflow to the two parallel single-layer stacks remains consistent with previous259

configurations, the depleted cathode outlet air is subsequently collected and mixed with fresh260

air at controlled temperature and pressure. This requires a dedicated arrangement involving261

a fresh air blower (B1) and heater (H1), which symbolically represent one or more units. The262

fresh air flow rate depends on the number of downstream stacks in series, with each requiring263

approximately 1.4E-02 mol/s. Heater (H1) ensures the mixed stream reaches the desired inlet264

temperature for even distribution. Although this configuration introduces additional air pro-265

cessing components, it eliminates the need for M individual coolers compared to simple series266

configuration, maintains consistent cathode air inlet composition, and supports modular system267

design. Overall, the three COG configurations, two distributing cathode air in series and one268

in parallel, were evaluated based on manufacturing complexity, BoP simplicity, and pipeline269

connection requirements. Ultimately, the configuration shown in Figure 2(c) was selected for270

the hybrid SOFC system scale-up due to its streamlined layout and advantages in modular271

integration.272

273

11
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In general, in this section, we examined various AOG and COG flow configurations without274

specifying parameters such as stack size, the number of layers per stack, or the overall system275

module scale. The objective was to develop a flexible and adaptable system layout that sup-276

ports strategic decisions on the centralization or decentralization of component modules. This277

versatile framework allows industrial partners and academic researchers to tailor the system278

design to specific operational constraints, including maximum allowable pressure drops across279

stacks, minimum oxygen concentration at the cathode outlet, S/C ratio, and other relevant280

parameters.281

Case study on a 50 kW SOFC system282

To illustrate the proposed hybrid design approach, the electrical performance of a 50 kW283

SOFC system is analyzed as a representative large-scale case. It is worth-mentioning that the284

values reported here correspond to a representative fixed operating point selected to enable285

a fair, like-for-like comparison between the proposed layout and the common designs. This286

should not be interpreted as a requirement to operate the plant at these exact setpoints. As in-287

dicated by the standardized connection (plug-in) points shown as yellow boxes in Figure 2(b),288

the component modules can be reconfigured and rerouted to accommodate operating varia-289

tions or emergency conditions without redesign. Moreover, although 50 kW remains relatively290

small compared to national electricity demand, this section focuses on comparing system per-291

formance. Therefore, the performance conclusions drawn here are scalable to larger systems.292

In subsequent sections, where the emphasis shifts to economic analysis rather than efficiency,293

the system size will vary to match the specified global electricity output.294

295

The analysis assumes a 10 kW stack capacity, consistent with current market availability, a296

maximum allowable pressure drop of 100 mbar across the stack [29; 30; 31; 14], and a minimum297

oxygen concentration of 15% at the cathode outlet [32; 33; 34]. Layout and number ratio of298

standardized modules for the proposed hybrid SOFC design are depicted in Figure 3(a). The299

number ratios in parentheses (e.g., ×1, ×2, ×3) indicate the relative number of each module300

required in one complete system. For example, one fuel/water module supports two parallel301

stack modules and three series stack modules.302

303

This ratio can be proportionally scaled for larger system capacities. For the 50 kW system304

configuration, it involves two 10 kW stacks operating in parallel (K=2) and three in series (L=3),305

which results in a pressure requirement of less than 1.23 bar across the stack modules. This306
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Figure 3: Modular layout of a 50 kW Solid Oxide Fuel Cell (SOFC) system. (a) Layout of a 50 kW SOFC
system based on the hybrid design approach, and (b) layout of various modules

value is within the design tolerance of several commercial SOFC stacks, including those from307

SolydEra [14; 35; 36], which can safely operate at modest pressure differences when properly308

sealed and supported. It is important to note, however, that when more than three stacks are309

connected in series, the cumulative pressure drop increases and requires verification through310

manufacturer-specific testing or design adjustment. While fully serial multi-stack configura-311

tions are not yet common in commercial systems, the partial concept has been demonstrated at312

pilot scale [37; 38; 39; 40] and remains technically feasible for modular systems with controlled313

pressure balancing. The present work, therefore, proposes a conservative upper limit for the314

number of series-connected stacks that ensures operational safety while maintaining compact315

system integration.316
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317

This setup requires the production of six standardized modules, shown in Figure 3(b). Cen-318

tralized modules in the proposed hybrid design include (i) fuel and water preparation module;319

(ii) an air processing module, which compresses and heats fresh air for the cathodes and cools320

the collected air from multiple stacks; (iii) a heat exchanger module managing thermal exchange321

between hot and cold flows via variably sized exchangers; and (iv) a burner and downstream322

BoP module that collects and combusts unconverted fuel, followed by CO2 and water sepa-323

ration after cooling. In addition, two types of decentralized stack modules are defined, with324

their module number varying according to the size of the SOFC system. The first, used in the325

parallel arrangement, comprises a stack, an external reformer, and a heater. It requires both326

fresh fuel and an external water supply due to the absence of AOG recirculation. The second,327

used in the series arrangement, includes a stack and an external reformer, which utilizes both328

fresh fuel and the AOG flow from the preceding stack module.329

330

In the proposed layout (Figure 3(a)), each stack module can either be enclosed in a ther-331

mally insulated hotbox [41; 42; 43] or integrated within a shared enclosure/hotbox [44; 45; 46],332

depending on design preference and system scale. The independent-hotbox choice offers higher333

modularity and operational flexibility, as it allows local thermal control for each stack, mini-334

mizes thermal cross-interference, shortens intra-module piping (reducing heat loss and pressure335

drop), and simplifies maintenance or N+1 redundancy through plug-in replacement. Con-336

versely, integrating multiple stack modules in a single large hotbox can simplify insulation,337

reduce external heat losses, and lower the total number of mechanical interfaces; however, it338

also makes it difficult to cool individual stacks while others remain hot, due to elevated inter-339

nal air and radiative temperatures. Furthermore, such shared enclosures often increase overall340

system volume to maintain adequate thermal spacing. In this study, we focus on the modular341

or independent-hotbox approach as a baseline concept [47; 48; 49; 50; 51], but both approaches342

remain technically feasible and may be adopted depending on the manufacturer’s strategy and343

plant size.344

345

In the event that a module temporarily fails or its upstream counterpart stops providing346

sufficient flow, the system design preserves self-sufficiency through built-in provisions. Each347

stack module design has fixed interfaces for fresh fuel, steam and process air; the yellow boxes348

in Figure 3(b) indicate standardized connection (plug-in) points that allow any module to be349

coupled to any other. In such contingencies, the missing input is primarily thermal. This short-350
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fall can be covered either by activating a small electrical heater which maintains the reformer351

and stack at required temperatures during brief interventions and is supported by N+1 redun-352

dancy for rapid hot-swap; Or by routing a dedicated start-up heat exchanger in the centralized353

heat exchanger module to deliver supplemental duty during transients or emergencies. These354

provisions maintain operation without a full plant shutdown and prevent an energy-deficient355

state from propagating downstream. Detailed transient control and digital-twin supervision lie356

beyond the scope of this steady-state study, but it is an interesting and important area that357

can be addressed in future work. Finally, it is important to clarify that, although the proposed358

scale-up strategy fixes the interconnection geometry, it increases system-level flexibility by en-359

abling capacity right-sizing from standardized modules and by simplifying maintenance and360

replacement, thereby offering potential practical insights for industrial manufacturing partners.361

362

In Figure 4, the heaters/coolers indicate required duties rather than specific components.363

In practice, these services can be provided by standardized heat-exchanger modules; multiple364

(hot and cold) process streams are routed to a centralized module that contains the necessary365

heat-exchangers sized per duty. This approach preserves the plug-and-play philosophy (fixed366

interfaces, common headers) while allowing the heat-exchanger module to be the primary ele-367

ment that is tailored to plant scale. The concept is consistent with ongoing industrial efforts368

toward standardized and modular SOFC packages [52; 53; 54; 55; 56; 32].369

370

Figure 4(a) illustrates the detailed process flow diagram of a 50 kW SOFC system employ-371

ing the proposed hybrid design strategy (i.e., forward COG and forward AOG, FCFA). While372

the component modules are standardized, their operating conditions may differ, particularly373

for stacks configured in series. Therefore, system-level optimization has been performed to en-374

hance overall performance. Although achieving and maintaining optimal operating conditions375

in large-scale systems can be challenging due to operational fluctuations, assessing the energy376

efficiency potential of the proposed design provides valuable insights into system performance377

prior to economic evaluation. Accordingly, this section presents multi-objective optimization378

analysis results, as described in Section Operating conditions optimization, to explore the379

achievable electrical efficiency of the hybrid design. Furthermore, the hybrid system design is380

compared with two conventional fully centralized configurations, NCNA (no COG and AOG381

recirculation) and NCHA (no COG and hot AOG recirculation), as shown in Figures 4(b) and382

(c), to evaluate the advantages and limitations of the proposed hybrid design approach.383

384
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Figure 4: Solid Oxide Fuel Cell (SOFC) configurations delivering 50 kW net electrical output. (a) Proposed
hybrid design (FCFA): five 10 kW stacks arranged - two in parallel followed by three in series; (b) Centralized
design without recirculation (NCNA): illustrated with five 10 kW stacks in parallel; an equivalent realization
using a single 50 kW stack is also feasible; (c) Centralized design with hot anode-off gas (AOG) recirculation
(NCHA): likewise realizable with five 10 kW parallel stacks or a single 50 kW stack.

Table 1 presents the primary material and energy flows for the proposed hybrid system385

design, highlighting the effectiveness of AOG utilization. The fresh fuel requirement for the386

two parallel stacks (20 kW total) is 0.0007 kg/s, with each stack requiring 0.00035 kg/s. In387

contrast, the stacks operating in series (10 kW each) require approximately 0.0003 kg/s, which388

underscores the benefit of AOG utilization. Additionally, AOG recirculation significantly re-389

duces the external water requirement, with a total of 0.085 mol/s needed for two parallel stacks390

and none for the series stacks. Similarly, COG recirculation contributes to a reduction in fresh391

air requirements (less than 0.778 mol/s for parallel stacks compared to 1.076 mol/s for series392

stacks) while maintaining the minimum O2 mole fraction at the cathode outlet. Furthermore,393

the optimization results, as shown in Table 1, demonstrate that decentralized reformers can op-394

erate at varied temperatures and reforming fractions, further validating the modularity concept.395

396
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Table 1: Objective functions, decision variables and selected flows for the hybrid design (50 kW SOFC system);
Performance comparison among three designs for a 50 kW SOFC system

Objective Functions
Electrical efficiency, % 66.3
Global fuel utilization, - 0.98
External water flow rate, mol/s 0.085

Parameters Parellel
stacks

Series
stack 1

Series
stack 2

Series
stack 3

Reformer temperature for pre-reformer, °C 539 533 518 519
Reforming ratio for pre-reformer 0.12 0.13 0.12 0.11
Natural gas flow rate, kg/s 0.0007 0.0003 0.0003 0.0003
Natural gas flow rate, mol/s 0.0409 0.0174 0.0187 0.0186
External water flow rate, mol/s 0.085 0 0 0
Fresh air input, mol/s 2.151 0.778 0.644 0.62
COG air input, mol/s 0 0.694 0.694 0.694
Air output O2 mole fraction, - 0.184 0.178 0.175 0.174
Air blower power, kW 0.74 0.64
Net power from module(s) 20.88 9.89 9.95 9.79

Hybrid NCNA NCHA
Natural gas flow rate, kW 76.67 81.98 79.77
External water flow rate, mol/s 0.085 0.212 0.085
Fresh air flow rate, mol/s 4.193 5.377 6.42
Electricity output, kW 50.51 52.79 45.9
Electrical efficiency, % 66.3 65.8 57.5
Heat available at 600 °C, kW 4.1 7.93 5.66
Heat available at 200 °C, kW 4.47 0.92 8.87
Cold utility requirement, kW 30.77 37.4 40.25
Additional electricity generated by RC, kW 2.03 2.14 2
Electrical efficiency with RC, % 68.5 67 60
Direct mixing points at high temperature 8 0 5

The hybrid design requires some stacks to operate at slightly elevated pressures to enable397

efficient utilization of AOG and COG. In general, the anode side benefits from the higher CH4398

storage and supply pressure. A notable drawback is the increased power consumption of air399

blowers serving both parallel and series stacks. This raises a critical consideration regarding400

whether the advantages of AOG and COG utilization are sufficient to offset the additional401

energy demand for air compression. As shown in Table 1, the hybrid design reduces air flow402

requirements by 22.02% and freshwater consumption by 59.9% compared to the conventional403

NCNA SOFC configuration. Assuming a maximum pressure drop of 100 mbar across the stack,404

in line with recommendations from EU projects [32; 57], the hybrid system design achieves an405

electrical efficiency of 66.3%, surpassing the 65.8% of the NCNA design. Although the NCHA406

design exhibits similar water usage to the hybrid design, its electrical efficiency is significantly407

lower at 57.5%, primarily due to reliance on a low-efficiency, high-temperature AOG blower.408
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409

In addition to electrical efficiency, SOFC systems are valued for their heat recovery potential.410

Due to its higher electrical efficiency and optimized high-temperature operation, the hybrid de-411

sign co-generates less high-temperature heat (4.10 kW) compared to the NCNA (7.93 kW) and412

NCHA (5.66 kW) designs. Nevertheless, it still produces 4.47 kW of medium-temperature heat413

(at around 200°C), which is suitable for residential heating or industrial applications such as414

dairy processing. An alternative use for this heat is integration into a Rankine cycle (RC) [28],415

which has also been evaluated. With RC integration, the hybrid system’s electrical efficiency416

increases to 68.5%, compared to 67% for NCNA and 60% for NCHA. Detailed heat flow data417

for all three system designs are provided in the SI, Section B1, Table B1.1.418

419

After the system performance analysis, it is important to explore trade-offs among scale-up420

strategies. For the proposed hybrid strategy, the stand-alone electrical-efficiency gain (without421

a Rankine cycle) is modest, about 0.5% relative to the NCNA layout, which understandably422

raises the question of whether off-gas routing is worthwhile. However, three additional benefits423

can be listed as follows. (i) Water and air demand: The hybrid layout reduces external water424

make-up by 60% and fresh-air flow by 22%. In most regions, make-up water must be purified425

to stack-grade quality, adding non-negligible CAPEX and heat requirement [58; 59; 60; 61; 62];426

Lowering the make-up rate therefore reduces both cost and auxiliary loads. (ii) Heat-grade427

matching: By shifting heat recovery from high to medium temperature, the hybrid design pro-428

vides less heat at 600 ◦C (4.10 kW vs. 7.93 kW) but more at ∼ 200 ◦C (4.47 kW vs. 0.92429

kW), which better matches typical industrial and district-heating requirement; this avoids the430

thermodynamic penalty of cooling high-grade heat just to use it at low temperature.(iii) Rank-431

ine cycle integration: With a simple Rankine cycle, the net electrical efficiency improvement432

rises to 1.5% over NCNA (68.5% vs. 67.0%), amplifying the value of medium-temperature heat433

available. The latter section shows that these resource savings and heat-utilization advantages434

translate into a lower levelized cost of electricity at the large scale, even when small-scale effi-435

ciencies are similar. Finally, we note that most current commercial SOFC deployments resemble436

the NCNA configuration because of its simplicity and control robustness; our contribution is437

to show how a modular series–parallel architecture can capture the above system-level benefits438

while remaining manufacturable through standardized sub-modules.439

440

Overall, through this section, we have demonstrated that the proposed hybrid design im-441

proves both electrical and thermal efficiency. However, it is crucial to emphasize that efficiency442
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should not be the sole criterion in system design. While the 50-kW system was selected to443

illustrate the performance advantages of the proposed hybrid design over conventional designs,444

this scale is modest relative to national electricity capacities. Therefore, the following sec-445

tion presents a detailed techno-economic analysis aimed at assessing the cost benefits of the446

proposed scale-up strategy without constraining the system to a fixed module capacity. The447

primary objective is to evaluate whether this modular approach can enable the cost-effective448

scale-up of energy storage systems on a global level.449

Techno-economic analysis background450

In this section, we have presented a comparative techno-economic analysis of the four scale-451

up strategies for the SOFC system standard system design, hybrid system design, constrained452

system design, and prime system design, and the differences among all strategies are explained453

in Section Overview of scale-up strategies. The analysis is conducted under a fixed global454

electricity output of 1 GW, while the system module size varies from 10 kW to 1 GW. It is455

important to clarify that a single 1 GW SOFC module is not intended as a realistic present-day456

design point. We include the full continuum of module sizes up to 1 GW purely as an upper-457

bound envelope to reveal asymptotic cost trends (economies of scale vs. production volume)458

and to avoid biasing conclusions by today’s market availability. In practice, some components459

cannot yet be built at very large single-unit sizes, and the practical limit varies by supplier and460

price. Those limits are partly technical (true scale-up challenges) and partly manufacturing461

market constraints that can evolve with standardization and volume [63; 64; 65; 66; 67]. Our462

goal here is to show the direction and magnitude of cost reduction as module size increases,463

not to prescribe a 1 GW single module.464

465

Uncertainty analysis is also included to assess the confidence in the obtained results. The466

evaluation begins with the crucial metric, levelized cost of electricity (LCOE), to observe its467

variation across different strategies and scales. This is followed by a detailed breakdown of468

capital expenditure (CAPEX) and a sensitivity analysis of the fuel price, the main contributor to469

operating expenditure (OPEX), to explain the underlying drivers for the observed LCOE trends.470

Overall, this section aims to highlight the trade-offs, advantages, and limitations associated with471

each scale-up strategy.472
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Levelized cost of electricity trends across scale-up strategies473

Figure 5 presents the LCOE trends as a function of system module size for the four scale-up474

strategies. In all cases, LCOE shows a sharp initial decrease with increasing system module475

size, reflecting classical economies of scale. This trend saturates at large scales, where other476

factors come into play. For the standard system design strategy A, LCOE declines from 0.194477

$/kWh for the 10 kW system module to 0.162 $/kWh for the 1 GW system module. A similar478

trend is observed for the prime system design strategy D, with LCOE ranging between 0.178479

and 0.162 $/kWh. The lower LCOE for strategy D at small scales is attributed to its flexibility480

in deploying larger centralized BoP components (PD
rest in Equation 15). As system module size481

increases beyond 10 MW, strategies A and D converge, both approaching an LCOE of 0.162482

$/kWh. This convergence occurs because, at large scales, the distinction between centralized483

and modular designs diminishes.484

485
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Figure 5: Levelized cost of electricity for modular Solid Oxide Fuel Cell (SOFC) scale-up. Levelized cost of
electricity comparison across scale-up strategies and system module sizes (1 GW yearly power production) for
a nominal fuel price of 10 cents/kWh. Source data are provided in ‘Source Data.xlsx’

For the hybrid system design strategy B, the LCOE also decreases with increasing system486

module size, ranging from 0.229 $/kWh for the 10 kW system module to 0.155 $/kWh for the487

1 GW system module. At smaller scales, strategy B yields higher LCOE values than strategies488

A and D due to the inclusion of multiple small-size, low-TRL component modules (i.e., stacks489
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and reformers) within each system module. Since large-size component modules are gener-490

ally more cost-effective than several small-size component modules of equivalent capacity, this491

consideration increases LCOE at small scales for strategy B. However, the LCOE for strategy492

B declines more rapidly with scale, outperforming the LCOE of strategy A beyond a system493

module size of approximately 300 kW, as strategy B has higher electrical efficiency (see Ta-494

ble 1). This finding suggests that the standard design strategy may be more economical for495

SOFC systems below 300 kW, while the hybrid design strategy offers superior performance for496

larger-scale deployments, ultimately achieving the lowest LCOE of 0.155 $/kWh for the 1 GW497

system module, which is also compatible with expectations [68; 69; 70].498

499

Finally, the constrained system design strategy C, which builds upon the concept of strat-500

egy B, includes a greater number of small-sized component modules not only for low-TRL501

components but also for the high-TRL BoP components within each system module. This502

high degree of decentralization results in the highest LCOE across all strategies, particularly503

at smaller system module sizes. However, as the system module size increases, the difference504

in LCOE between strategy C and the other strategies diminishes. At large scales, the LCOE505

for strategy C nearly converges with that of strategies A and D, reaching a minimum value of506

0.160 $/kWh at the 1 GW system module.507

508

Figure 5 indicates that the hybrid system design strategy B performs better at large scales,509

while the standard system design strategy A and the prime system design strategy D are510

more economical at smaller scales. However, the figure also raises several interesting questions511

worth examining in more detail. For example, strategies A and D generally show decreasing512

trends in LCOE and reach a stable value for larger module sizes, and there is an increase for513

the 1 GW system module. In addition, the shaded uncertainty bands reveal that the LCOE514

has a wide variation at small scales but becomes much narrower as the system module size515

increases. Finally, it is also important to understand why the LCOE difference among all516

strategies decreases as the system module size grows and why strategy B eventually becomes517

the most cost-effective despite starting out as the second most expensive at 10 kW. All of these518

questions are addressed in the following sub-sections519

Cost structure and sensitivity analysis520

Figure 6(a) presents the normalized CAPEX contributions from various component mod-521

ules across the four scale-up strategies for varying system module sizes based on a fixed annual522
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electricity output of 1 GW. As expected, for small-scale system modules (e.g., 10 kW), the523

hybrid system design strategy B exhibits the second-highest CAPEX, driven primarily by the524

decentralized stack and reformer modules (1772 and 1731 $/kW, respectively), with one-fifth525

of the system module capacity. In contrast, the standard design strategy A features signifi-526

cantly lower costs for these component modules, with stack and reformer modules priced at527

916 $/kW and 221 $/kW, respectively. For the constrained system design strategy C, the main528

cost difference relative to strategy B arises from the high-TRL BoP components, such as heat529

exchangers, due to the fivefold increase in their numbers per system module. This highlights530

the importance of maintaining some degree of centralization for specific BoP components, even531

within modular designs. The prime system design strategy D achieves the lowest CAPEX532

modules cost, totalling 1359 $/kW using the 10 kW case as an example, mainly due to all BoP533

components being fully centralized and sized for the entire 1 GW capacity.534

535

As the system module size increases, the CAPEX gap among all strategies narrows signif-536

icantly. By the time the system module size reaches 1 MW, the CAPEX difference among537

various strategies falls below 350 $/kW. Since stack and reformer modules remain the domi-538

nant CAPEX contributors in strategies B and C, this suggests substantial room for future cost539

reductions through technological advancements in these low-TRL components, an effect that540

would have a lesser impact on strategies A and D. Interestingly, for both strategies A and D,541

when the system module size reaches 1 GW (i.e., only one system module is needed to meet the542

global electricity output), the CAPEX contribution from reformer module increases compared543

to smaller system module sizes (e.g., 1 MW). This observation motivates a deeper investigation544

into the CAPEX behaviour of low-TRL components for different sizes.545

546

Unlike mature component modules such as heat exchangers, burners and blowers, which547

are widely used across multiple industries, stack and reformer modules are specific to fuel cell548

systems and are less commercially mature. Their CAPEX is influenced by two competing fac-549

tors: economies of scale and production volume. While a greater component size intuitively550

implies lower normalized costs, it also directly affects the annual production volume for a fixed551

plant capacity. These opposing trends suggest the existence of a trade-off point, beyond which552

further scaling up of individual units no longer yields cost savings.553

554

To investigate this, a sensitivity analysis was performed on global electricity output levels555

and the sizes of component modules, specifically stacks and reformers. The analysis considered556
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Figure 6: Techno-economic analysis of modular scale-up strategies. (a) Normalized capital expenditure
(CAPEX) contribution of component modules across scale-up strategies. (b),(c) Reformer against stack’s
CAPEX trends under varying annual production targets and module sizes. (d) Uncertainty analysis of eight
input parameters and (e) Sensitivity analysis on the fuel price with trade-off sizes for the hybrid design strategy.
Source data are provided in ‘Source Data.xlsx’

three electricity output targets: 10 MW, 100 MW, and 1 GW, each under varying component557

module sizes. As shown in Figure 6(b), the CAPEX for reformer initially decreases with in-558

creasing module size but begins to rise around 1 MW. For instance, under the 10 MW plant559

output scenario (purple line), larger module sizes lead to lower production volumes, which in560
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turn increases the unit cost. It is important to clarify that component module sizes above 10561

MW are not displayed for this scenario as the number of modules would be smaller than 1.562

Similar trends are observed for the 100 MW (green line) and 1 GW (orange line) plant output563

scenarios. Another key observation arises when the component module size is fixed at 10 MW564

and CAPEX trends are compared across all three global electricity output cases. CAPEX is565

highest for the 10 MW case and progressively lower for 100 MW and 1 GW systems. This is566

due to higher production volumes resulting from larger total plant output.567

568

In contrast, the CAPEX of the stack (Figure 6(c)) decreases consistently with increas-569

ing module size across all production targets (10 MW, 100 MW and 1 GW), indicating that570

economies of scale prevail regardless of production volume. This highlights a key difference571

in the cost behaviour of these two low-TRL technologies. Stack cost reduction is primarily a572

function of unit size, while reformer cost must be optimized by balancing unit size and annual573

production volume. This insight provides guidance for future research and development. Stack574

innovation should prioritize scaling-related challenges, such as thermal management at larger575

cell sizes, while reformer design should aim to optimize both scale and manufacturability to576

ensure cost competitiveness across deployment scales.577

578

Figure 5 not only presents the LCOE trends across four scale-up strategies but also includes579

shaded regions around strategies A and B, indicating the results of uncertainty analysis on580

key input parameters. The uncertainty overlap for strategies A and B, particularly at smaller581

system module sizes, highlights the need to investigate the primary contributing factors. To582

better understand these drivers, a sensitivity analysis on LCOE was conducted for the hybrid583

design strategy as a case study. As shown in Figure 6(d), each key input parameter was varied584

individually, including the CAPEX of the stack, reformer and BoP, as well as their associated585

lifetimes, the discount rate and the fuel price. Among these factors, fuel price exhibited the586

most pronounced effect on LCOE, shifting the value between 0.14 and 0.22 $/kWh within the587

defined uncertainty range.588

589

To further investigate the influence of fuel price on LCOE, a broader fuel price range from590

0 to 25 cents/kWh was examined, divided into six discrete scenarios, as illustrated in Fig-591

ure 6(e). For each fuel price, a separate LCOE curve is presented. In addition, for each592

curve, the uncertainty associated with other key input parameters is still considered through593

a multi-parametric sensitivity analysis. These uncertainties are represented by shaded areas594
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surrounding each LCOE trend line. This approach captures a realistic range of future market595

conditions, including initial fuel price increases due to transitions from fossil fuels to renewable596

alternatives (e.g., natural gas to biomethane), followed by potential long-term cost reductions597

as supply stabilizes.598

599

The results from Figure 6(e) indicate that when fuel is assumed to be free (0 cents/kWh),600

the LCOE is uniquely driven by CAPEX, with capital costs being most prominent at smaller601

system module sizes and becoming less significant at larger scales, consistent with the trends602

observed in Figures 5 and 6(a). However, as fuel prices increase (the main driver in OPEX), the603

LCOE rises significantly. Across the system module sizes, the share of OPEX within the LCOE604

increases from approximately 50 to 95%, with an increase in the fuel price from 5 to 25 cents.605

Notably, at higher fuel prices, the trade-off LCOE point between the hybrid system design606

strategy B and the standard system design strategy A shifts toward smaller system module607

sizes. This shift reflects the superior electrical efficiency of the hybrid design, which becomes608

economically advantageous even at smaller system module sizes under high fuel prices. These609

trends again explain the steeper LCOE decline observed for strategy B in Figure 5 and why it610

ultimately achieves a lower minimum LCOE of 0.155 USD/kWh compared to the 0.16 USD/kWh611

for strategy A. Finally, a sensitivity analysis was conducted on possible size limitations of low-612

TRL components by considering the current market maximum component size, which has shown613

its limited impact on the overall CAPEX, see Figure B3.1 in Supplementary Information (SI).614

This finding aligns with the broader conclusion that efficiency becomes the dominant factor615

during system scale-up, underscoring a key direction for future development in both academic616

research and industrial applications.617

Summary of techno-economic analysis618

The economic analysis reveals that the design strategy and system module size strongly619

influence LCOE. At small system scales, decentralized strategies, particularly hybrid and con-620

strained system designs, exhibit higher LCOE due to increased CAPEX from multiple small-621

sized component modules. As system module size increases, the CAPEX gap among strategies622

narrows, and the system efficiency becomes dominant, making of hybrid system design strategy623

B the most cost-effective design at system scales above 300 kW, ultimately reaching the lowest624

LCOE among the four system design strategies. Sensitivity analyses confirm that fuel price is625

the dominant factor, with OPEX contributing up to 95% in LCOE at high fuel prices. These626

findings underscore the importance of balancing component module size, production volume,627

25



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

and fuel conversion efficiency in optimizing SOFC scale-up strategies.628

Rationale and implications of the modular scale-up strategy629

This study shows that the proposed hybrid design strategy performs well from both a630

system-analysis and an economic perspective. It also specifies a fixed module layout, piping631

interfaces, and module types. This reduces degrees of freedom and increases inter-dependence632

among stacks, but it addresses a major practical barrier to SOFC deployment, today, many633

projects are engineered case by case (custom reformer and heat-exchanger sizing, redesigned634

piping, repeated P&ID reviews), which slows commissioning and raises cost. Standardization635

is therefore not a limitation but the core mechanism to accelerate adoption at scales relevant636

for long-duration and seasonal storage.637

638

Concretely, standardized module production can (i) shorten lead times and lower engineering639

hours by shifting effort from bespoke plant design to repeatable module fabrication, (ii) enable640

learning-curve cost reductions through higher production volumes, (iii) provide system-level641

flexibility by allowing capacity to be built from interchangeable modules rather than one-off642

plants, and (iv) improve maintainability and availability. Failed modules can be isolated and643

swapped with spares, reducing downtime and service cost.644

645

We acknowledge open questions around control, maintenance, and fault management. These646

can be mitigated by standard control interfaces and setpoints across modules, isolation valves647

and bypass manifolds to decouple modules during transients or faults, conservative pressure-648

drop budgets to preserve operability, and the option to hold one module in hot standby (N+1649

redundancy) to fulfill the availability targets. Our aim is not to claim that a single layout is650

universally optimal, but to provide a reproducible, manufacturable reference point that compo-651

nent suppliers can jointly adopt. Such coordination is a critical step if SOFC-based long-term652

storage is to scale globally in support of net-zero objectives.653
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Discussion654

In this study, we presented an modular hybrid design strategy for scaling up SOFC sys-655

tems, emphasizing the strategic integration of anode off-gas and cathode off-gas recirculation.656

The proposed architecture balances the centralization and decentralization of key component657

modules through a flexible series-parallel configuration, enabling improved system efficiency,658

reduced reliance on external resources, and simplified integration.659

660

A detailed case study demonstrated that the hybrid system can achieve an electrical ef-661

ficiency of 66.3%, reduce external water use by 60%, and lower fresh air demand by 22%662

compared to a baseline centralized design (NCNA). When integrated with a Rankine cycle, the663

total electrical efficiency increased to 68.5%, exceeding both NCNA (67%) and NCHA (60%)664

configurations. These improvements are accompanied by medium-temperature heat recovery665

potential, further enhancing the system’s cogeneration capabilities.666

667

The techno-economic analysis of four scale-up strategies, including standard, prime, hy-668

brid, and constrained, has been performed. When combined, our findings explicitly show the669

trade-off between centralization and modularity. At small system-module sizes (up to ∼300670

kW), centralized layouts are more economical because CAPEX from multiple small, low-TRL671

modules dominates. As scale increases, the hybrid modular layout becomes preferable, higher672

electrical efficiency and resource savings drive a lower LCOE (down to 0.155 $/kWh), since673

OPEX dominance amplifies efficiency gains. Thus, the optimal design strategy depends on674

three levers: (i) scale (module size and production volume), (ii) fuel price (and utility costs),675

and (iii) component maturity (learning curves for stacks and reformers). In practice, a mixed676

approach is likely, centralizing high-TRL BoP while modularizing stacks and reformers, evolv-677

ing toward greater standardization as volumes grow.678

679

In summary, we have addressed a critical challenge in SOFC scale-up by introducing a680

modular, efficient, and economically viable system layout. This approach supports flexible681

manufacturing, optimized component integration, and practical deployment at larger scales.682

We believe our findings provide a clear road map for advancing scalable SOFC technologies in683

support of global low-carbon energy transitions.684
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Limitations and future work685

While this study provides a comprehensive system-level and techno-economic assessment686

of modular SOFC scale-up, several limitations must be acknowledged. The present analysis687

is based on steady-state conditions and does not capture long-term degradation or transient688

behavior under dynamic loading. In reality, key components, particularly stacks, reformers,689

and heat exchangers, experience gradual performance decay due to thermal cycling, carbon de-690

position, and material fatigue, which can affect both efficiency and maintenance cost over time.691

Future work can incorporate degradation models to estimate lifetime efficiency trajectories and692

replacement costs, enabling a complete life-cycle cost assessment.693

694

Another aspect requiring further development is system robustness under variable operating695

conditions. Dynamic simulations may be conducted to evaluate system response to changes in696

fuel composition, pressure drop, ambient conditions, and start-up/shutdown cycles, thereby697

improving understanding of operational resilience. These aspects were not covered comprehen-698

sively in the present work because the current study serves as a foundational step to highlight699

the importance of long-term energy storage scale-up strategies. We aim to raise awareness700

of the trade-offs between standardization and customization, encouraging collaborative efforts701

within the energy system community. Addressing these topics will require extensive experimen-702

tal validation to confirm module-level performance and reliability under realistic conditions.703

704

Finally, the proposed modular concept can be extended to reversible operation (solid oxide705

electrolyzer mode) to explore power-to-fuel integration and seasonal storage. The ultimate goal706

is to design dual-mode modules with integrated piping and valve systems that enable operation707

in both fuel-cell and electrolyzer modes. This represents another promising and technically708

demanding research direction that warrants dedicated investigation.709

710

Overall, these future developments will provide a more complete understanding of long-711

term system viability and guide the industrial implementation of modular reversible solid oxide712

(rSOC) systems.713

Insights on scale-up strategy714

Although this study focuses on SOFC systems, the stepwise approach we propose offers gen-715

eralizable guidance for scaling up large-scale energy systems, an important but underexplored716
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research question. Here, we address the scale-up challenge from three complementary perspec-717

tives. First, we explored a range of system configurations without fixing the number or size of718

various TRL component modules. This allowed for the evaluation of different pipeline layouts,719

series and parallel connections, and levels of system complexity, resulting in practical design720

guidelines for engineers working under technical constraints such as allowable pressure drops721

or component availability. Second, a case study based on a fixed-size system was conducted to722

assess the performance advantages of the proposed hybrid layout. The results confirmed the723

improvement in system efficiency and less reliance on external resources compared to conven-724

tional system designs. Third, we performed a techno-economic analysis by varying the system725

module size while maintaining a fixed global product requirement. This analysis identified726

which components are best centralized or decentralized to minimize the LCOE across different727

scaling scenarios.728

729

From these three perspectives, several key insights emerged. Enhancing the performance of730

small-scale systems is essential prior to scale-up, as efficiency becomes increasingly critical when731

operating costs dominate. Although the economic evaluation does not account for all possible732

system complexities, the comparative LCOE analysis remains robust and demonstrates the im-733

portance of aligning market demand with manufacturing capabilities. Finally, modular systems734

provide greater operational resilience: whereas centralized systems may require full shutdown735

in the event of component failure, modular configurations allow for independent monitoring736

and localized intervention, ensuring higher system reliability and flexibility.737

738

Together, these findings highlight the technical and economic feasibility of a standardized,739

modular approach to system scale-up, offering a practical foundation for both researchers and740

industrial stakeholders.741
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Methods742

Modularity concept743

Conventional design analysis of SOFC-based systems typically involves the development of process flow744

diagrams followed by detailed system integration and optimization tailored to specific industrial requirements.745

While this approach ensures design precision, it often results in diverse layouts that pose challenges for stan-746

dardization and scalability. To address these limitations, this study proposes a generalized modular design747

framework that divides the system module into three primary groups: upstream, main, and downstream com-748

ponent modules.749

750

As illustrated in Figure 7(a), the upstream modules include components for input preparation and han-751

dling, such as fuel and water tanks, a gas cleaning system, a water purification unit, and the electrical heater for752

start-up. The main component modules encompass critical power generation components, namely the reformer753

and the stack, and pressure and heat management components, namely pumps, compressors, blowers, and heat754

exchangers. Lastly, the downstream modules focus on post-processing and product management, comprising the755

catalytic burner, CO2-water separator, and product and buffer tanks. Each component module is represented756

as a "box" of standardized sizes with fixed internal pipelines and layouts. Connections between component757

modules are facilitated through plug-and-play mixers and splitters, enabling straightforward system module758

assembly and disassembly.759

760

By standardizing module types and sizes within each category, the proposed framework enables mass pro-761

duction of component modules, enhancing manufacturing efficiency and reducing costs. This modular approach762

shifts the focus from custom system design toward the development of standardized component modules that763

can be flexibly assembled into various system configurations. The capacity of the system module is directly764

determined by the number of stack modules, making scalability straightforward and adaptable to different elec-765

tricity demand levels. The key challenge of this approach lies in determining the optimal sizes of component766

modules and establishing design principles for pipeline layout and system assembly, enabling the development767

of highly efficient power plants that comply with industrial constraints.768

Industrial constraints and design targets769

While various aspects, such as cost and environmental performance of the SOFC system, can be improved,770

efficiency remains a critical metric as it reflects the fundamental technological limitations of the system design.771

The SOFC system has the potential to achieve high electrical efficiency through design and optimization;772

however, optimized results often overestimate what is feasible in industrial settings. To ensure the practical773

applicability of the system design, this study incorporates several critical and realistic industrial constraints,774

bridging the gap between theoretical design and a scaled-up industrial facility.775

Stack material degradation776

Carbon deposition can occur when hydrocarbon fuels, such as methane, are insufficiently reformed or when777

the stack operates under conditions favourable to carbon formation, resulting in solid carbon accumulation on778
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Figure 7: Modular framework and hybrid layout of the Solid Oxide Fuel Cell (SOFC) power generation system.
a) The modular framework of the SOFC power generation system with upstream, main, and downstream
module groups; b) Modular layout of hybrid system design for SOFC scale-up: resource flow and component
configuration.

the anode side. This leads to deactivation of the nickel-based catalyst, mechanical damage such as cracking or779

delamination, and a decline in electrochemical performance. Consequently, system efficiency is reduced, fuel780

consumption increases, and maintenance demands rise, ultimately elevating operational costs.781

782

Several strategies can be employed to mitigate carbon deposition. Optimizing the steam-to-carbon (S/C)783

ratio and the reforming ratio in the pre-reformer ensures that internal reforming reactions, under appropriate784
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operating conditions within the stack, effectively suppress carbon formation. Additionally, maintaining a suffi-785

cient level of unconverted fuel downstream of the stack prevents localized fuel starvation, which could otherwise786

promote carbon-forming reactions such as methane cracking and the Boudouard reaction. Therefore, in this787

study, several design specifications have been adopted based on the recommendations from the stack manufac-788

turer [33; 71]. The S/C ratio at the inlet of the stack is maintained above 1.5, the maximum internal reforming789

ratio within the stack is limited to less than 90% (single-pass fuel utilization), and more than 10% of the fuel790

must remain unconverted downstream of the stack.791

Stack performance improvements792

Efficient control of the S/C ratio effectively prevents carbon deposition but requires specialized equipment793

for external water purification, increasing the levelized cost of electricity [72; 73; 74; 75]. Additionally, the794

use of more external water requires significant heat input for evaporation, penalizing waste heat recovery and795

valorization.796

797

Anode off-gas (AOG) recirculation from the stack offers a potential solution to reduce external water con-798

sumption. AOG primarily contains carbon dioxide, water vapour, carbon monoxide, hydrogen, and methane.799

Recirculating a portion of the AOG increases global fuel utilization and reduces the need for fresh fuel and800

external water to maintain the S/C ratio in both the pre-reformer and the stack, thereby enhancing overall801

system efficiency. In conventional designs, a low-temperature AOG blower with a mechanical efficiency of ap-802

proximately 0.8 is typically used for recirculation. Due to the temperature limitation of commercially available803

blowers, around 280°C [28], the recirculated AOG must be cooled before entering the blower. The cooled AOG804

is then mixed with fresh fuel and steam and reheated to the pre-reformer inlet temperature. This approach805

presents several challenges, including heat losses during cooling and reheating, increased system complexity, and806

limited efficiency gains in stacks with high single-pass fuel utilization, where the blower’s power consumption807

may outweigh the benefits of the reduced external fuel input. Although high-temperature AOG recirculation808

using the high-temperature blower or customized ejector is a potential alternative, it offers limited advantages809

due to the low efficiency of high-temperature blowers and the reliance on non-standardized ejectors, which com-810

plicates process control and limits scalability. Therefore, when determining recirculation strategies for multiple811

stacks in large-scale systems, the evaluation should consider the benefits of AOG flow, such as its high steam812

content, which reduces external steam requirements for maintaining the S/C ratio, and its contribution to im-813

proving global fuel utilization. At the same time, recirculation strategies must be carefully designed to avoid814

negative impacts on system performance, including reduced electrical efficiency due to AOG blower power con-815

sumption, excessive flow rates that increase pressure drops in the reformer and stack, potentially approaching816

design limits, and additional heat exchanger requirements or thermal losses.817

818

Moreover, the application of cathode off-gas (COG) recirculation also offers several benefits for SOFC sys-819

tems, including reduced fresh air flow, lower fresh air heater duty, and decreased power consumption by the820

fresh air blower that typically accounts for a 2–3% reduction in the system electrical efficiency [28]. In the821

conventional system design, the unconverted fuel is combusted in a burner, and exhaust gases serve as the822

primary heat source to heat up the fresh air to the required stack inlet temperature. Reducing fresh air flow823

allows more heat from the burner to be available for the waste heat recovery system. However, COG recircula-824
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tion can adversely affect stack performance by lowering the oxygen partial pressure on the cathode side, which825

reduces the single-pass conversion efficiency of the stack [76]. Thus, high system efficiency is typically achieved826

with limited COG recirculation, balancing its benefits and drawbacks. Thus, this study has considered these827

trade-offs in the development of efficient and scalable SOFC systems.828

829

Finally, SOFC systems are increasingly recognized as a promising technology for combined heat and power830

(CHP) applications [54; 77]. Integration with micro gas turbines has shown significant improvement in electrical831

and thermal efficiencies [78]. These benefits are even more pronounced in large-scale SOFC systems, where waste832

heat from multiple stacks can be consolidated and recovered using larger, commercially available gas turbines.833

Such turbines are not only more cost-effective but also well-developed for efficient waste heat utilization. In this834

study, the waste heat from all stacks is analyzed collectively through a centralized heat recovery module.835

Pressure drops estimation836

In literature, pressure drops are typically considered based on industrial experience, which, while generally837

accurate, may lack robust scientific validation. In this study, rather than relying on such assumptions, scientific838

calculations are performed to compute pressure drops for key component modules, namely the stack, reformer,839

burner, and heat exchangers. These component modules are critical in determining the required pressure in-840

crease, which directly influences system electrical efficiency. By employing this approach, the study aims to841

provide a more reliable and scientifically grounded upper bound of pressure drop and its impact on the perfor-842

mance of large-scale systems. Pressure drops across various system components are systematically computed843

using a combination of stochastic simulations and fixed estimates.844

845

Pressure drop computation for the stack is complex due to various interacting factors, as shown in Equation846

3, which incorporates fluid dynamics and material properties across the gas diffusion layer (GDL) of the cathode847

and anode [28]. Key parameters include flow rate, fluid density, and viscosity. The coefficient CGDL reflects848

the resistive properties of the GDL, determined by its material and structure, while the mass flow rate (ṁ)849

represents the fluid moving through the GDL. Adjustments for density
(

ρref

ρ

)
and viscosity

(
µ

µref

)
account for850

changes in compressibility and environmental conditions. These parameters collectively enable the calculation851

of the dynamic pressure drops, with reference values provided by the stack manufacturer.852

∆PS = CGDL · ṁ · ρref
ρ

· µ

µref
(3)

For the pre-reformer, the pressure drop is determined through Monte Carlo simulations by sampling gas853

hourly space velocity (GHSV) and geometric parameters, specifically the length-to-diameter ratio of the flow854

channel, from predefined uniformly distributed ranges. This approach captures diverse operational conditions855

and flow geometries. The resulting ∆PR values are calculated using the Ergun equation, which describes fluid856

flow through packed beds (Equation 4). Key parameters include reactor length (L), particle diameter (dp), bed857

void fraction (ϵ), dynamic viscosity (µ), fluid density (ρ), and superficial flow velocity (v) which is calculated858

using GHSV and reactor geometry. The particle diameter (3 mm) and corresponding void fraction (0.85) were859

calculated from [79], representing a relatively free flow, typical for 15% cracking of CH4 in pre-reformer. The860

number of tubes (48) is also specified. Thermodynamic properties are retrieved from Aspen Plus simulations.861
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More details on this calculation can be found in the SI, Section A1.1.862

∆PR =
L

dp

(
150 (1− ε)

2
µv

ε3dp
+

1.75 (1− ε) ρv2

ε3

)
(4)

Similar to the pre-reformer, the burner pressure drop is estimated using Monte Carlo simulations by uni-863

formly sampling GHSV and the length-to-diameter (L/D) ratio. In addition, the pressure loss coefficient864

(Ksing), which accounts for singular losses due to abrupt changes in geometry (e.g., gas train, nozzle, and865

sub-components), is sampled from a uniform distribution. Unlike the pre-reformer, the burner lacks catalysts866

and operates under different flow conditions; therefore, the pressure drop is calculated using the Darcy–Weisbach867

equation to account for both frictional and singular losses (Equation 5). The friction factor (f) is determined868

from the Reynolds number, fluid density (ρ) is obtained from Aspen Plus simulations, and flow velocity (v) is869

derived from GHSV and burner geometry. Due to model simplifications and parameter uncertainties, a safety870

factor of 3 is applied. Pressure drops across heat exchangers, and condensers are assumed to be fixed at 10871

mbar each. The obtained pressure drops for all components are in line with other studies [80; 81]. More details872

on this calculation can be found in the SI, Section A1.2.873

∆PB = f
L

D

ρv2

2
+Ksing

ρv2

2
(5)

Hybrid system modular design874

Model parameters875

Although this work is a system-integration and techno-economic study rather than detailed experiment876

testings, we have employed a steady-state SOFC system (module) model whose parameters are taken from877

manufacturer specifications, European projects and prior experimental studies [82; 83; 84; 58; 52; 56; 85].878

879

Moreover, it is important to point out that this study does not aim to re-validate SOFC system models.880

We acknowledge that most of the published validation studies are not at the hundreds-of-kilowatts scale; how-881

ever, this does not preclude scale-up. Whole-plant validation at very large sizes is rarely practical and, by882

definition, departs from the modularity concept that underpins industrial deployment and experimental proto-883

typing. Instead, we adopt a module-level strategy: standardized modules are validated across multiple scales,884

and the steady-state behaviour of critical components is observed to be consistent within established operating885

envelopes. Consequently, although full-system validation at very large scale remains an uncertainty, we judge886

its impact on the conclusions here to be limited, as our results hinge primarily on architectural trade-offs and887

trend robustness rather than absolute point estimates.888

889

In the case study (Section Case study on a 50 kW SOFC system), each stack module is modelled as a 10890

kW unit with an approximate stack area of 3 m2, reflecting the most common size of commercially available891

single-stack modules. The current density is set to 0.4 A/cm2, with a maximum internal reforming ratio of 90%.892

Stack inlet and outlet temperatures are fixed at 680°C and 750°C, respectively, in accordance with manufacturer893

specifications [28]. Additionally, the mechanical efficiency of the low-temperature blower is set to 0.8, and the894

burner’s maximum operating temperature is limited to 900°C, based on the cost-efficient material’s thermal895
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resistance limit [77].896

Layout optimization897

Figure 7(b) illustrates the concept of scaling up the SOFC system through a modular framework aimed898

at optimizing resource flows and reducing system complexity. The process begins with centralized storage of899

treated water and fuel, which are distributed via pumps, compressors, and heaters in a decentralized parallel900

configuration before entering the reformer section. Here, layout optimization determines the optimal number901

and configuration of standardized reformer modules. Three reformer-stack connection types are considered:902

one-to-one, one-to-many, and many-to-one. The optimization identifies the most efficient arrangement and siz-903

ing to support system scalability and performance.904

905

The processed flow from the reformer section is directed to the stack section, which consists of stack mod-906

ules arranged in either series or parallel configurations. Within each stack stage (e.g., ith stage), the anode side907

includes a mixer and heater upstream of the stack and a splitter downstream. The mixer combines incoming908

streams from the reformer, previous stack stages, or recycled flows from other stack stages within the series-909

parallel configuration, while the splitter distributes the outlet stream to subsequent stack stages, the burner910

section, or other stack stages as needed. In case of recirculation from a downstream stage (ith) to the upstream911

stage ([i−1]th), the flow passes through a blower and/or a heat management unit, to adjust the temperature912

and pressure before entering the mixer.913

914

Moreover, the stack section layout in Figure 7(b) illustrates both the anode- and cathode-side flow con-915

figurations. Air is supplied to the cathode to facilitate electrochemical reactions and regulate the stack outlet916

temperature. As with the water and fuel sections, the air supply system employs blowers arranged in a de-917

centralized parallel configuration. Effective airflow management ensures uniform thermal conditions across all918

stack modules, which is critical for stable and efficient operation.919

920

As shown in Figure 7(b), the downstream flow from the anode side of the stack modules can be directed921

to the burner and its downstream component modules introduced in Figure 7(a) (burner, heat exchangers,922

condenser, etc.). The system may have either centralized or multiple burners, depending on the available com-923

mercial burner sizes. The primary objective is to minimize the unconverted fuel reaching the burner, thereby924

maximizing global fuel utilization. In this study, oxy-combustion is considered [28]. After cooling, the flow is925

directed to centralized or multiple CO2-water separator modules. CO2 or water can be recycled back to the926

burner to control the combustion temperature, preventing it from exceeding the material temperature limits.927

Additionally, the burner’s output stream can be integrated with downstream modules, such as a centralized928

Rankine cycle, to enhance waste heat recovery and valorization.929

930

Overall, the primary goal of this scale-up design is to optimize the plant layout by minimizing the consump-931

tion of water, fuel and air, as well as reducing the number of component modules while maximizing the overall932

system’s electrical and thermal efficiencies. The optimization process also determines the optimal configuration933

of key component modules, such as reformers and stacks, specifying the numbers and sizes of reformers and934

the arrangement of stacks in a series-parallel configuration. By solving this optimization problem, the proposed935
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design achieves an effective balance between scalability, resource efficiency, and cost-effectiveness.936

Operating conditions optimization937

After determining the optimal system configuration, this study further considers an additional layer of938

optimization focused on the operating conditions of individual component modules. These modules are not939

required to operate under identical conditions, as parameters such as reformer temperature, external reforming940

ratio, and the input quantities of fresh fuel and water may vary across the system. To address this, a multi-941

objective optimization is conducted with the goals of maximizing electrical efficiency and global fuel utilization942

while minimizing external water consumption, as summarized in the SI, Table A3.1. The optimization is subject943

to industrial constraints, including a minimum S/C ratio of 1.5 before the stack, a requirement that at least944

10% of the fuel remains unconverted downstream of the stack, and a maximum allowable pressure drop of 100945

mbar across both the anode and cathode sides. This approach underscores the flexibility of the modular design,946

enabling optimized system operation within practical industrial limits [33; 83].947

Techno-economic analysis948

To evaluate and compare different SOFC scale-up strategies, it is also crucial to introduce economic perfor-949

mance indicators. A central objective of this study is to explore how the trade-off between centralization and950

decentralization affects complexity, cost, and scalability. This involves analyzing the relationship among the951

global electricity output (i.e., total electricity generated from the stack modules of all system modules, defined in952

Figure 7a), the number of component/system modules, and the size of component/system modules. This study953

assumes a fixed global electricity output of 1 GW (Pglobal), representing the demand for a large urban area or954

small regional grid. This output is supplied by deploying multiple identical system modules, each contributing955

a portion of the total output such that their combined capacity equals 1 GW.956

Overview of scale-up strategies957

A key design variable is the system module size (Psystem), defined as the total electricity generated by all958

stack modules within a single system module. As illustrated in Figure 7, each system module integrates the959

necessary component modules, such as stacks, reformers, burners, and balance-of-plant (BoP) modules, into a960

fully operational SOFC unit. Notably, each system module may include multiple component modules of the961

same type, depending on the size availability and scale-up strategy adopted. To investigate a wide range of962

configurations, this study includes system module sizes varying from 10 kW to 1 GW.963

964

A distinguishing feature of this techno-economic analysis is the explicit consideration of cost behaviour for965

low technology readiness level (TRL) components, specifically stack and reformer modules. Unlike high-TRL966

components (e.g., heat exchangers, blowers), which benefit from globally standardized production across mul-967

tiple sectors, low-TRL components are unique to SOFC systems and exhibit two counteracting cost trends:968

economies of scale, which reduce unit cost with an increase in unit size, and production volume effects, which969

increases unit cost with a decrease in the number of manufactured units. To capture this distinction, the num-970

ber of component modules is categorized as NX
low-TRL and NX

high-TRL, where superscript X denotes the specific971

system design strategy under consideration.972

973
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This study analyses four scale-up strategies. The first strategy, referred to as the standard system design974

strategy A, assumes that all component modules within a system module are centralized. That is, each system975

module contains one stack, one reformer, one burner, and one set of BoP components. To meet the 1 GW global976

electricity output, the number of system modules is determined by dividing Pglobal by Psystem. Consequently,977

the numbers of low-TRL and high-TRL modules in strategy A are the same, as given by Equation 6. In this978

configuration, each component module is sized to match the capacity of the system module, as shown in Equation979

7. Here, PA
stack and PA

reformer represent the capacities of a single stack and reformer modules under strategy A,980

while PA
rest denotes the capacity of each high-TRL component module (e.g., burner or heat exchanger). Stack981

capacity reflects electrical power output, reformer capacity corresponds to fuel processing throughput, and982

high-TRL capacities represent thermal or flow requirements at the system module scale.983

NA
low-TRL = NA

high-TRL =
Pglobal

Psystem
(6)

PA
stack = PA

reformer = PA
rest = Psystem (7)

The second strategy, referred to as the hybrid system design strategy B, corresponds to the layout introduced984

in this study. In this configuration, each system module contains (L+K) stack modules, K numbers operating in985

parallel and L numbers in series, along with (L+K) reformer modules. However, the remaining BoP components986

are centralized per function (e.g., one burner and one air processor) within each system module. Thus, while987

the number of high-TRL component modules remains unchanged from strategy A, as shown in Equation 8, the988

number of low-TRL component modules is (L+K) times greater. Each high-TRL component module is sized to989

serve the full capacity of the system module, whereas the stack and reformer modules are each sized to handle990

one-(L +K)th of the system module capacity, as defined in Equation 9. From the results, it is observed that991

L + K = 5 for the 50 kW system used as an example, as shown in the equations. The rationale behind this992

value is explained in Section Case study on a 50 kW SOFC system.993

NB
low-TRL = (L+K)×NB

high-TRL = (L+K)× Pglobal

Psystem
;L+K = 5 (8)

(L+K)× PB
stack = (L+K)× PB

reformer = PB
rest = Psystem;L+K = 5 (9)

The third strategy, referred to as the constrained system design strategy C, builds upon the concept estab-994

lished in strategy B. In this configuration, the capacities of each stack and reformer module remain one-(L+K)th995

(one-fifth) of the system module capacity. However, unlike strategy B, this approach assumes that all high-996

TRL component modules (i.e., BoP components) are also decentralized in each system module. That is, they997

follow the same number and sizing logic as the low-TRL component modules, as shown in Equation 10 and998

Equation 11. This strategy is introduced to evaluate the economic performance of fully decentralized system999

modules with respect to the hybrid system design strategy B. It quantifies the cost implications of applying a1000

uniform decentralization approach across all component modules within a system module.1001

NC
low-TRL = NC

high-TRL = (L+K)× Pglobal

Psystem
;L+K = 5 (10)
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(L+K)× PC
stack = (L+K)× PC

reformer = (L+K)× PC
rest = Psystem;L+K = 5 (11)

The fourth strategy is referred to as prime system design strategy D, which builds upon the framework1002

of strategy A but introduces a further degree of centralization. In this configuration, to meet the fixed global1003

electricity output, the stack and reformer modules (low-TRL components) are still in the same manner as in1004

strategy A. However, all other high-TRL BoP component modules are fully centralized and deployed only once1005

to serve the entire global electricity needed. As a result, the number of low-TRL components is still calculated1006

as the ratio of the global electricity output to the system module capacity, as shown in Equation 12, whereas1007

the number of high-TRL components is fixed at one with 1 GW capacity, as indicated in Equation 13.1008

1009

Regarding sizing, stack and reformer modules remain matched to the capacity of a single system module, as1010

in strategy A (Equation 14). In contrast, the capacity of the centralized high-TRL BoP modules must scale with1011

the entire global electricity output, as given in Equation 15. This approach represents an idealized lower bound1012

in terms of BoP centralization. While this strategy may not be entirely feasible in real-world applications due1013

to equipment sizing limitations or process integration challenges, it serves as a useful benchmark for evaluating1014

the techno-economic trade-offs associated with decentralization versus centralization.1015

ND
low-TRL =

Pglobal

Psystem
(12)

ND
high-TRL = 1 (13)

PD
stack = PD

reformer = Psystem (14)

PD
rest = Pglobal (15)

Capital cost estimation1016

Due to the limited availability of cost data for different component modules across scales, this analysis1017

utilizes information from publicly available resources [79; 86]. The cost calculation methods and equations are1018

implemented in Python, which will be available to interested readers. Therefore, detailed cost calculations are1019

not presented; only cost calculation basics are discussed below.1020

1021

The manufacturing cost of each component module is estimated using a log-log regression, which captures1022

the combined effects of component scale and production volume. This relationship is expressed in Equation 16.1023

In this equation, P represents the scale/size of the component, typically measured in terms of power capacity1024

(e.g., kW), and N denotes the annual production volume or the number of units produced per year. The1025

coefficients a, b, c, d, and e are empirical parameters fitted using available cost data derived from literature or1026

industry benchmarks. The cost function includes a linear and quadratic logarithmic dependence on size (log(P )1027

and [log(P )]
2) to account for economies of scale, which tend to lower the levelized cost with an increase in the size1028

of the component. The log(N)[log(N)]
2 term reflects how increased production volume can reduce costs through1029

38



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

manufacturing efficiencies and experience-based improvements. For high-TRL components such as pumps and1030

compressors, the production volume is fixed at 10000 units to represent a mature manufacturing level. Their1031

costs are considered stable and largely independent of fuel cell-specific market dynamics. In contrast, for low-1032

TRL technologies such as reformers and stacks, the production volume depends on the component capacity and1033

the global electricity output. Fitting results alongside the exact cost correlations for each component module1034

can be found in the SI, Section A2 (Figures A2.1-A2.4, Table A2.5).1035

log(Ccp) = a+ b · log(P ) + c · [log(P )]
2
+ d · log(N) + e · [log(N)]2 (16)

From the estimated component purchase (or manufacturing) cost (Ccp), the capital investment is calculated1036

for each component module, accounting for component-specific lifetimes, 5 years for stacks and reformers, and1037

20 years for other high-TRL component modules. The component module investment cost (CAPEXcm) is then1038

calculated through equation 17, where r is the number of replacements, i is the interest rate, tc is the component1039

lifetime, t is the project lifetime.1040

CAPEXcm =
r∑

r=0

(
Ccp

1

(1 + i)r·tc

)
+ Ccp ·

t− r · tc
tc

· 1

(1 + i)r·tc
(17)

Levelized cost of electricity1041

The levelized cost of electricity (LCOE) is a key metric for evaluating and comparing the cost-effectiveness1042

of different design strategies. It accounts for annualized investment, operating and maintenance costs, and1043

electricity generation. As shown in Equation 18, Csm,a represents the annualized system module investment1044

cost calculated with interest rate (i = 5%) and project lifetime (t = 20 years). The operating cost (Cop) is1045

computed using fuel cost (FC), electrical efficiency (ηelec) of the SOFC system, and total electricity output1046

(Eelec,out) from the system for 8000 h/year (Equation 19). Finally, the maintenance cost (Cmaint) is defined as1047

5% of the annualized investment cost for the system module.1048

Csm,a =
∑

All Component Modules

CAPEXcm · r · (1 + i)t

(1 + i)t − 1
(18)

Cop =
Eelec,out

ηelec
· FC (19)

LCOE =
Csm,a + Cop + Cmaint

Eelec,out
(20)

Uncertainty analysis1049

To account for parameter uncertainty and assess the robustness of the economic outcomes, an uncertainty1050

analysis is also conducted. Capital cost values of low-TRL (stack and reformer) and high-TRL components1051

(e.g., BoP modules) are varied based on the normal distribution with a standard deviation of 20% and 10%,1052

respectively. Component lifetimes are uniformly sampled within specified ranges (5–12 years) for stacks and1053

reformers, and the normal distribution with a standard deviation of 10% is applied to the lifetimes of high-TRL1054

components. The discount rate is also varied with a standard deviation of 10%, while the fuel price and the1055

project lifetime are kept constant at 10 cents/kWh and 20 years, respectively. The uncertainty analysis is1056
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performed over 1000 times to ensure statistical robustness. More information on the parameter uncertainty can1057

be found in the SI, Table A2.6.1058
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Data availability

The data supporting the findings of this study are available in the paper and its Supple-

mentary Information. Source data are provided with this paper.
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Tables

Table 1 Caption: Objective functions, decision variables and selected flows for the hybrid design

(50 kW SOFC system); Performance comparison among three designs for a 50 kW SOFC system.

Objective Functions
Electrical efficiency, % 66.3
Global fuel utilization, - 0.98
External water flow rate, mol/s 0.085

Parameters Parellel
stacks

Series
stack 1

Series
stack 2

Series
stack 3

Reformer temperature for pre-reformer, °C 539 533 518 519
Reforming ratio for pre-reformer 0.12 0.13 0.12 0.11
Natural gas flow rate, kg/s 0.0007 0.0003 0.0003 0.0003
Natural gas flow rate, mol/s 0.0409 0.0174 0.0187 0.0186
External water flow rate, mol/s 0.085 0 0 0
Fresh air input, mol/s 2.151 0.778 0.644 0.62
COG air input, mol/s 0 0.694 0.694 0.694
Air output O2 mole fraction, - 0.184 0.178 0.175 0.174
Air blower power, kW 0.74 0.64
Net power from module(s) 20.88 9.89 9.95 9.79

Hybrid NCNA NCHA
Natural gas flow rate, kW 76.67 81.98 79.77
External water flow rate, mol/s 0.085 0.212 0.085
Fresh air flow rate, mol/s 4.193 5.377 6.42
Electricity output, kW 50.51 52.79 45.9
Electrical efficiency, % 66.3 65.8 57.5
Heat available at 600 °C, kW 4.1 7.93 5.66
Heat available at 200 °C, kW 4.47 0.92 8.87
Cold utility requirement, kW 30.77 37.4 40.25
Additional electricity generated by RC, kW 2.03 2.14 2
Electrical efficiency with RC, % 68.5 67 60
Direct mixing points at high temperature 8 0 5
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Figure Legends/Captions

• Figure 1: Solid Oxide Fuel Cell (SOFC) system configurations for enhanced anode off-gas utiliza-

tion. (a) Conventional design, and (b) hybrid design, based on 0.1 kW (300-320 cm2) single-layer

stack (theoretical basis).

• Figure 2: Solid Oxide Fuel Cell (SOFC) system configurations for enhanced cathode off-gas

utilization. (a) Simple series configuration, (b) complex series configuration, and (c) parallel

configuration or hybrid design, based on 0.1 kW (300-320 cm2) single-layer stack (theoretical

basis).

• Figure 3: Modular layout of a 50 kW Solid Oxide Fuel Cell (SOFC) system. (a) Layout of a 50

kW SOFC system based on the hybrid design approach, and (b) layout of various modules.

• Figure 4: Solid Oxide Fuel Cell (SOFC) configurations delivering 50 kW net electrical output. (a)

Proposed hybrid design (FCFA): five 10 kW stacks arranged - two in parallel followed by three in

series; (b) Centralized design without recirculation (NCNA): illustrated with five 10 kW stacks

in parallel; an equivalent realization using a single 50 kW stack is also feasible; (c) Centralized

design with hot anode-off gas (AOG) recirculation (NCHA): likewise realizable with five 10 kW

parallel stacks or a single 50 kW stack.

• Figure 5: Levelized cost of electricity for modular Solid Oxide Fuel Cell (SOFC) scale-up. Lev-

elized cost of electricity comparison across scale-up strategies and system module sizes (1 GW

yearly power production) for a nominal fuel price of 10 cents/kWh. Source data are provided in

‘Source Data.xlsx’

• Figure 6: Techno-economic analysis of modular scale-up strategies. (a) Normalized capital

expenditure (CAPEX) contribution of component modules across scale-up strategies. (b),(c)

Reformer against stack’s CAPEX trends under varying annual production targets and module

sizes. (d) Uncertainty analysis of eight input parameters and (e) Sensitivity analysis on the fuel

price with trade-off sizes for the hybrid design strategy. Source data are provided in ‘Source

Data.xlsx’

• Figure 7: Modular framework and hybrid layout of the Solid Oxide Fuel Cell (SOFC) power

generation system. a) The modular framework of the SOFC power generation system with

upstream, main, and downstream module groups; b) Modular layout of hybrid system design for

SOFC scale-up: resource flow and component configuration.
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