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 A B S T R A C T

Decarbonizing refinery process heat and hydrogen production remains a major challenge for industrial net-
zero pathways. High-temperature gas-cooled small modular reactors (HTGR–SMRs) are promising candidates 
because they combine high outlet temperatures, modular deployment, and inherent safety. This work develops 
a unified thermodynamic –exergy framework based on Pinch Point analysis, differential heat-transfer integra-
tion, and entropy-generation balances to assess HTGR coupling with refinery heat, hydrogen, and cogeneration 
systems under realistic industrial conditions. Results show that the main thermodynamic difference among the 
evaluated configurations is not the presence of the Once-Through Steam Generator (OTSG) itself, but the 
thermal matching between the nuclear heat source and refinery demands. Indirect steam delivery through an 
OTSG and direct helium supply to multiple refinery processes achieve comparable refinery-level performance, 
with second-law efficiencies of approximately 62.57%. In contrast, direct helium supply to the topping process 
– one of the most critical units in the refinery – reaches a lower efficiency of about 57.5%, corresponding to 
a relative improvement of approximately 8.8% for the OTSG and multi-process configurations. This indicates 
that, although direct helium exchange preserves a higher temperature potential, it suffers from greater thermal 
mismatch and higher irreversibility at the reactor–process interface, particularly when applied to single high-
demand units such as topping. Applied to the Barrancabermeja Refinery, the proposed architecture could supply 
about 400 MWth of process heat while supporting cogeneration, low-carbon hydrogen pathways, and avoiding 

on the order of 3 Mt CO2/year.
1. Introduction

Achieving global net-zero emissions by mid-century requires deep 
transformations in how energy is produced and used across all sec-
tors [1,2]. The industrial sector remains one of the most difficult to 
decarbonize because a large fraction of its energy demand is asso-
ciated with continuous, high-temperature process heat still supplied 
predominantly by fossil fuels [3,4]. Within this challenge, refineries and 
petrochemical complexes are especially important because they com-
bine large thermal loads, stringent temperature requirements, and sub-
stantial hydrogen demand in tightly integrated continuous-operation 
systems [5–7]. Refinery fired heaters and hydrogen plants based on 
Steam Methane Reforming (SMR-H2) rank among the largest single-
point CO2 sources in industry, with typical emission intensities of 
0.18–0.22 t CO2/MWhth and 8–10 kgCO2/kgH2, respectively [5,6].

These constraints motivate the search for low-carbon, high-grade 
heat sources suitable for continuous industrial operation. High-Temper
ature Gas-Cooled Reactors (HTGRs) in Small Modular Reactor (SMR) 

∗ Corresponding author at: Grupo de Investigación en Ciencia y Tecnologías Nucleares, Red Nuclear Colombiana, Bogotá, Colombia.
E-mail address: nicolas.enciso@rednuclearcolombiana.org (N. Enciso).

configurations have re-emerged as strong candidates, with helium-
cooled outlet temperatures in the 700–750 ◦C range well aligned with 
refinery and hydrogen-process requirements, and modular architec-
tures that allow incremental capacity addition, factory fabrication, and 
site-specific adaptation [8–10].

In parallel, light-water SMR vendors are beginning to target the 
same industrial segment: in 2026, NuScale Power and Ebara Elliott 
Energy announced a strategic partnership to develop and field test 
a commercial-scale high-temperature steam compressor for integrat-
ing NuScale Power Modules with petrochemical plants requiring pro-
cess steam above 500 ◦C, explicitly framing SMR-derived steam as a 
decarbonization option for petrochemical process heat [11].

Among available HTGR designs, the HTR-PM and the Xe-100 stand 
out as the most relevant reference systems: the former provides an oper-
ationally demonstrated modular platform, while the latter is specifically 
positioned for industrial cogeneration and multi-unit deployment [12–
15].
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 Abbreviations
 HTGR High-Temperature Gas-Cooled Reactor
 SMR Small Modular Reactor
 HTGR–SMR High-Temperature Gas-Cooled Small Modular Reactor
 HTR-PM High-Temperature Reactor–Pebble-bed Module
 Xe-100 X-energy 100 MWe Modular HTGR
 OTSG Once-Through Steam Generator
 IHX Intermediate Heat Exchanger
 HPT High Pressure Turbine
 IPT Intermediate Pressure Turbine
 LPT Low Pressure Turbine
 GT Gas Turbine
 HRSG Heat Recovery Steam Generator
 LMTD Log Mean Temperature Difference
 CHT Cumulative Heat–Temperature
 CHP Combined Heat and Power
 HTSE High-Temperature Steam Electrolysis
 SMR-H2 Steam Methane Reforming (hydrogen production proce
 H2 Hydrogen
 FCC Fluid Catalytic Cracking
 CCR Continuous Catalytic Reforming
 HDT Distillate Hydrotreating
 VGO Vacuum Gas Oil
 TRISO Tri-structural Isotropic (fuel particle)
 LWR Light Water Reactor
 TRL Technology Readiness Level
 INL Idaho National Laboratory
 IAEA International Atomic Energy Agency
 MWth Thermal megawatt
 MWe Electric megawatt
 CO2 Carbon Dioxide
 CO2-eq Carbon Dioxide Equivalent

A recent closely related study by El-Emam et al. [16] develops a 
thermodynamic model for SMR integration into a generic petrochem-
ical refinery via a steam Rankine cycle, demonstrating that nuclear-
derived steam can supply a substantial fraction of refinery thermal 
demand and significantly reduce CO2 emissions under full nuclear 
assistance [16]. The present study is complementary to and extends that 
work by explicitly comparing two heat-delivery architectures—direct 
helium coupling and indirect steam coupling through an OTSG—for 
two specific reactor designs (HTR-PM and Xe-100) and by applying 
them to a real refinery case (Barrancabermeja) with quantified heat, 
hydrogen, and cogeneration demands.

Despite this growing body of work, much less attention has been 
given to the detailed thermodynamic integration of specific HTGR–SMR 
designs with real refinery systems, where temperature matching, heat-
transfer surface requirements, and exergy losses must be evaluated si-
multaneously under realistic process boundary conditions—particularly 
when comparing direct helium coupling against indirect steam-based 
configurations [8,17,18].

The analysis is grounded in the Barrancabermeja Refinery in Colom-
bia, the country’s largest refining facility, with a process heat de-
mand of approximately 400 MWth and direct emissions of 3.7 MtCO2-
eq/year [6,19,20]. Two coupling pathways are evaluated: direct helium 
exchange, which defines the upper temperature potential of HTGR 
process heat but may incur large temperature mismatches, and indirect 
steam coupling through an OTSG, which improves thermal matching, 
preserves safety separation, and aligns with industrial practice [13,
15,18]. The analysis extends to hydrogen production and cogenera-
tion, capturing the full exergy-allocation problem of HTGR–SMRs in a 
complex industrial site.

Accordingly, the main contributions of this paper are threefold: (i) 
to develop a unified thermodynamic–exergy framework that provides 
a physically consistent second-law basis for HTGR–refinery integration, 
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(ii) to apply this framework to compare alternative coupling architec-
tures under realistic industrial boundary conditions, quantifying heat-
transfer feasibility, required exchanger area, and irreversibility levels, 
and (iii) to clarify the role of reactor design and heat-delivery strategy 
in refinery decarbonization, using the Barrancabermeja Refinery as a 
representative large-scale case study [21–24].

The paper is organized as follows. Section 2 introduces the HTGR–
SMR rationale and presents the HTR-PM and Xe-100 as reference sys-
tems. Section 3 develops the thermodynamic framework. Section 4 es-
tablishes the HTGR–OTSG thermodynamic baseline. Section 5 presents 
the refinery integration results. Section 6 extends the analysis to hydro-
gen production and cogeneration. Section 7 consolidates these results 
into an integrated deployment architecture for the Barrancabermeja 
Refinery. Finally, Section 8 summarizes the main findings.

2. Industrial context and reference HTGR systems

This section defines the industrial and technological boundary con-
ditions of the present study. First, the Barrancabermeja Refinery is 
introduced as the reference industrial site, emphasizing its process-heat, 
hydrogen, and broader energy demands. Second, the two HTGR–SMR 
systems selected as reference nuclear heat sources – the HTR-PM and 
the Xe-100 – are presented in terms of their thermodynamic charac-
teristics, design maturity, and suitability for refinery and hydrogen 
applications [6–8,25].

2.1. Barrancabermeja refinery: Heat, hydrogen, and energy demand

The Barrancabermeja Refinery, 100% owned and operated by
Ecopetrol S.A., is the largest refining facility in Colombia and one 
of the most important industrial energy hubs in Latin America [19,
20]. With a nominal capacity of approximately 250,000 barrels per 
day (12.4 Mt/year) and a Nelson complexity index of 6, it is classi-
fied as a medium-to-high complexity, cracking-type facility processing 
medium-to-heavy crude oils, supplying more than 40% of Colom-
bia’s liquid fuels [6,20,26]. Its process portfolio – atmospheric and 
vacuum distillation, FCC, visbreaking, catalytic reforming (CCR), hy-
drotreating, alkylation, and associated utility systems – forms a highly 
energy-intensive complex whose scale and process diversity make it a 
particularly relevant case for assessing HTGR–SMR integration [6,19,
20].

From a thermodynamic perspective, Barrancabermeja is character-
ized by a large and heterogeneous demand for medium- and high-
temperature process heat spanning roughly 200 to above 500 ◦C, 
encompassing crude preheating, vacuum distillation, FCC feed preheat-
ing, hydrotreating, catalytic reforming, and residual-product upgrad-
ing [6,19,27,28]. These temperature levels overlap significantly with 
the heat-delivery range of HTGR-based systems, particularly when in-
direct steam interfaces are employed to improve temperature matching 
and reduce exergy destruction [8,18,29]. Table  1 summarizes the prin-
cipal process units, their operating conditions, and thermal demands 
considered in this study.

Atmospheric distillation represents the largest single thermal load, 
followed by FCC and vacuum distillation, while hydrotreating and 
upgrading units contribute medium-temperature demand [6,19,28,30]. 
Collectively, the core units define a heat-demand envelope of ap-
proximately 400 MWth, consistent with the ∼445 MWth fired-heater 
duty reported for a generic 200,000 b/d refinery by the IEA GHG 
programme [31] and with current-average energy intensities of 81–264
kBtu/bbl per process unit compiled by the U.S. DOE [32].

In addition to process heat, Barrancabermeja has a substantial hy-
drogen demand from hydroprocessing, sulfur removal, and fuel-quality 
upgrading, met entirely through natural-gas steam methane reforming 
(SMR-H2) [6,7]. According to the bottom-up refinery model of Yáñez 
et al. [6], the three existing hydrogen production units yield approxi-
mately 29,100 t H /year (≈80 t/day) with a combined emission factor 
2
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Table 1
Representative operating conditions and thermal power demand of major process units in the Barrancabermeja Refinery, illustrating the temperature levels and 
heat loads relevant for HTGR-based industrial heat integration [6,20,33,34].
 Process Unit 𝛥T P Flow Density Thermal power Representative mixture  
 (◦C) (MPa) (kbpd/kg s−1) (kgm−3) (MWth)  
 Atmospheric Distillation 30–370 0.10 232 / 363 850 415.48 Table  4  
 Vacuum Distillation 370–420 0.02 101 / 168 900 22.80 Table  5  
 Visbreaking 420–480 1.5 33 / 56 920 9.53 𝑛-Tetradecane 0.15, 𝑛-Hexadecane 0.20, 

𝑛-Octadecane 0.25, 𝑛-Eicosane 0.20, 
𝑛-Heneicosane 0.10, 𝑛-Docosane 0.10

 

 Fluid Catalytic Cracking (FCC) 480–520 0.25 84 / 131 850 16.68 𝑛-Decane 0.25, 𝑛-Dodecane 0.25, 
Toluene 0.25, 𝑛-Octane 0.25

 

 Catalytic Reforming (CCR) 400–480 3.5 10 / 13.8 750 3.42 𝑛-Pentane 0.25, 𝑛-Hexane 0.25, 𝑛-Octane 
0.20, Toluene 0.30

 

 Distillate Hydrotreating (HDT) 300–350 8.0 57 / 85.7 820 11.14 𝑛-Tetradecane 0.65, 𝑛-Hexadecane 0.35  
 VGO Hydrotreating 330–380 12.0 19.8 / 27.5 850 3.67 𝑛-Tetradecane 0.30, 𝑛-Hexadecane 0.25, 

𝑛-Octadecane 0.25, 𝑛-Eicosane 0.10, 
𝑛-Heneicosane 0.05, 𝑛-Docosane 0.05

 

 FCC Naphtha Hydrotreating 300–350 4.0 19 / 6.6 740 1.08 𝑛-Pentane 0.30, 𝑛-Hexane 0.30, 𝑛-Octane 
0.20, Toluene 0.20

 

 Alkylation 50–80 2.5 2.1 / 0.41 700 0.03 𝑛-Butane 0.50, 𝑛-Pentane 0.30, 𝑛-Hexane 
0.20

 

 Aromatics Extraction 130–150 0.6 2.2 / 0.76 750 0.04 Toluene 0.50, 𝑛-Octane 0.30, 𝑛-Decane 
0.20

 

 Base Oil Plant 250–300 1.0 0.9 / 0.52 920 0.07 𝑛-Hexadecane 0.25, 𝑛-Octadecane 0.25, 
𝑛-Eicosane 0.25, 𝑛-Heneicosane 0.15, 
𝑛-Docosane 0.10

 

 Asphalt Plant 150–200 0.5 6 / 4.17 970 0.48 𝑛-Tetradecane 0.20, 𝑛-Octadecane 0.25, 
𝑛-Eicosane 0.25, 𝑛-Heneicosane 0.15, 
𝑛-Docosane 0.15

 

of ≈10.2 kgCO2/kgH2, contributing ≈297,000 t CO2/year to the site’s 
total GHG footprint of 3.7 MtCO2-eq/year [6]. These figures make the 
refinery a relevant benchmark for evaluating both nuclear process-heat 
substitution and nuclear-assisted hydrogen production through HTSE 
or hybrid preheating schemes [6,7,35].

Beyond heat and hydrogen, the refinery operates as a multi-vector 
energy hub. Steam and electricity are produced by a combined heat and 
power (CHP) system of three facility groups – two boiler–steam-turbine 
trains and a Gas Turbine (GT)–Heat Recovery Steam Generator (HRSG) 
unit – delivering approximately 2.42 PJ𝑒/year at a carbon intensity 
of ≈0.41 kgCO2/kWh [6], more than three times the Colombian grid 
average. The steam network serves three pressure levels (600, 400, 
and 150 psi), with low-pressure steam accounting for 51% of process 
steam, medium-pressure for 33%, and high-pressure for 16% [6]. This 
multi-vector demand profile makes the refinery a suitable candidate 
for integrated nuclear energy supply, in which HTGR thermal output 
can be flexibly allocated among process heat, hydrogen production, and 
electricity generation [7,8,36].

From the standpoint of deployment strategy, Barrancabermeja of-
fers a realistic scale for modular nuclear implementation: a single 
HTGR module would be insufficient to cover full refinery thermal 
demand, but multi-module deployment can match the site progres-
sively [10,29,37]. This perspective is reinforced by Ecopetrol’s active 
decarbonization program, which includes a US$1.2 billion investment 
for the LBCC clean-fuels project (2025–2030) and the inauguration 
of the 26 MWp La Iguana solar farm at the refinery site [26,38], to-
gether with Colombia’s national hydrogen roadmap [39]—all of which 
open a practical window for co-locating HTGR modules alongside 
new refinery infrastructure. Taken together, these characteristics make 
Barrancabermeja an especially strong case study for HTGR integration 
in an emerging-economy industrial context [6–8].

2.2. Reference HTGR systems: HTR-PM and Xe-100

HTGRs deployed at SMR scale provide a combination of high 
outlet temperature, favorable heat-transfer characteristics, intrinsic 
safety, and modular scalability that is particularly well suited to re-
finery and hydrogen applications [7,8,40]. Unlike conventional Light 
3 
Water Reactors (LWRs), which are generally limited to outlet tem-
peratures of about 300–320 ◦C, HTGRs employ helium coolant and 
graphite moderation to achieve core outlet temperatures typically 
around 700–750 ◦C [8,17,41]. This temperature range directly expands 
the class of industrial processes that can be supplied with nuclear 
heat, including crude distillation, hydrotreating, catalytic reforming, 
and advanced hydrogen production routes [8,29,30,35].

A central enabling feature of HTGR technology is the use of TRISO 
fuel, in which the fissile kernel is encapsulated within multiple ceramic 
coating layers that act as individual containment barriers [40,42]. To-
gether with the chemical inertness and single-phase behavior of helium, 
this fuel concept provides large thermal safety margins and supports 
passive heat-removal behavior even under off-normal conditions [40,
42]. When these reactors are deployed at SMR scale, the resulting 
systems also benefit from modular construction, shorter installation 
schedules, and the possibility of matching industrial demand through 
incremental multi-unit deployment rather than a single large reactor 
block [10,43].

These features are particularly important in refinery applications. 
First, the HTGR temperature range overlaps well with the main
medium- and high-grade heat requirements of Barrancabermeja and 
similar complexes [6,8,19]. Second, modular deployment allows the re-
actor capacity to be distributed across large industrial sites in stages [10,
43]. Third, the same reactor thermal output can support multiple 
energy products—process heat, electricity, and hydrogen—which is 
fully consistent with the integrated energy-demand profile described 
in Section 2.1 [7,25,36].

To represent the most realistic near-term HTGR deployment enve-
lope, this study adopts two reference reactor systems: the Chinese HTR-
PM and the American Xe-100. These designs were selected because they 
are among the most advanced and deployable HTGR–SMR concepts 
currently available and together span two complementary industrial 
deployment pathways: (i) a high-power, centrally deployed modu-
lar system and (ii) a smaller, more flexible factory-oriented modular 
system [8,12,14].

HTR-PM
The High-Temperature Reactor–Pebble-bed Module (HTR-PM) is a 

Chinese Generation IV HTGR developed by the Institute of Nuclear and 
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New Energy Technology (INET) at Tsinghua University in collaboration 
with China National Nuclear Corporation (CNNC) [12,13]. It builds 
on the operational experience of the 10 MWth HTR-10 experimental 
reactor and constitutes the most mature deployable pebble-bed HTGR 
concept currently available [8,12,13].

The HTR-PM plant configuration comprises two reactor modules, 
each rated at 250 MWth, coupled to a single steam turbine delivering 
approximately 210 MW𝑒 net electrical power [13,29]. Helium serves 
as the primary coolant and graphite as the moderator, with core outlet 
temperatures of about 750 ◦C feeding an indirect steam cycle [8,13]. 
This configuration enables both electricity generation and industrial 
process-heat delivery, making the HTR-PM particularly relevant for 
large refinery complexes with high and relatively concentrated thermal 
demand [7,29].

A notable design feature of the HTR-PM is its online refueling 
capability using TRISO-fueled graphite pebbles circulating continuously 
through the core [13,40]. This contributes to stable long-term operation 
and is advantageous for industrial coupling, where thermal continuity 
is highly desirable [8,29]. From an application standpoint, the HTR-PM 
is especially well suited to centralized deployment in large sites such as 
Barrancabermeja, where multiple 250 MWth modules can be clustered 
to cover substantial fractions of refinery heat demand while preserving 
high-grade exergy for hydrogen production or power generation [7,29].

Xe-100
The Xe-100 is a modular HTGR developed by X-energy in the United 

States and represents a more compact but highly scalable interpretation 
of the HTGR–SMR concept [14,37]. Like the HTR-PM, it uses helium 
cooling, graphite moderation, and TRISO fuel, but it is designed around 
200 MWth reactor modules producing approximately 80 MW𝑒 each 
[14,15].

The Xe-100 also operates with outlet temperatures in the HTGR 
range and includes an indirect steam interface suitable for indus-
trial heat delivery and hydrogen-related applications [14,18]. Its sec-
ondary system can support OTSG operation at conditions appropriate 
for process-steam supply or hydrogen production via HTSE [14,18]. 
Because of its lower unit power and intended modular factory-based 
deployment model, the Xe-100 is particularly attractive for phased 
installation, industrial parks, and distributed energy applications where 
capacity may need to expand progressively [10,37].

From the perspective of refinery integration, the Xe-100 defines a 
complementary pathway to the HTR-PM. Whereas the HTR-PM favors 
large centralized sites with major concentrated loads, the Xe-100 offers 
greater flexibility for staged deployment and can be aggregated in 
multi-unit configurations to match demand growth or retrofit limi-
tations [14,37]. This makes it a useful comparative benchmark for 
evaluating how reactor size and modular strategy affect heat-transfer 
matching and exergy performance at the refinery interface [8,18].

Comparison of key thermodynamic and design parameters
The principal thermodynamic and structural parameters of both 

systems are summarized in Table  2. These parameters define the upper 
temperature limits, available heat duty per module, and overall deploy-
ment characteristics used throughout the subsequent analysis [10,13,
15,44].

The comparison indicates that both reactor systems are thermo-
dynamically compatible with the temperature range of the refinery 
services considered in this study [8,18,29]. Their common 750 ◦C outlet 
temperature enables coupling with a broad spectrum of refinery and 
hydrogen applications, while differences in thermal power, mass flow 
rate, and deployment scale mainly affect exchanger sizing, modulariza-
tion strategy, and phasing rather than the fundamental feasibility of 
integration [13,14].

From an engineering standpoint, the HTR-PM and Xe-100 should 
therefore be interpreted not as competing in a purely binary sense, 
but as defining the realistic design envelope of near-term HTGR–SMR 
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deployment for industrial decarbonization [7,8]. The HTR-PM repre-
sents the reference case for large-scale, centralized refinery integration, 
whereas the Xe-100 represents a modular pathway more readily aligned 
with phased build-out and distributed industrial energy systems [29,
37].

3. Thermodynamic analysis framework

This section presents the integrated methodological framework used 
to evaluate the thermodynamic feasibility and second-law performance 
of coupling HTGR–SMRs with refinery process-heat, hydrogen, and 
cogeneration systems. Building on the industrial context of the Barran-
cabermeja Refinery and the reference reactor conditions introduced in 
Section 2, the framework combines Pinch Point analysis, differential 
heat-transfer evaluation, and entropy–exergy balances within a unified 
approach [8,18,21].

The objective of the framework is not only to determine whether 
a given reactor–process coupling is thermodynamically feasible, but 
also to quantify how temperature matching, required heat-transfer 
area, and irreversibility levels vary across alternative integration path-
ways. This is particularly important in refinery systems, where broad 
heat demand distributions, multicomponent hydrocarbon streams, and 
phase transitions make simplified constant-temperature or constant-𝑐𝑝
approximations inadequate [25,28,30].

All calculations are referenced parametrically to the two HTGR–
SMR systems selected as industrial benchmarks in this work: the HTR-
PM and the Xe-100. These systems define the reactor-side thermal 
boundary conditions for the subsequent analyses and enable the same 
methodology to be applied consistently across high-power and medium-
power modular deployment scenarios [13–15].

The analysis proceeds through three sequential and interdependent 
steps:

• Definition of a reference reactor–process interface based on an 
indirect OTSG, which establishes the common thermal boundary 
conditions used throughout the study.

• Heat-exchange characterization through Pinch Point analysis and 
differential heat-transfer integration, used to quantify tempera-
ture matching, feasible heat transfer, and exchanger area require-
ments.

• Quantification of irreversibilities through entropy-generation and 
exergy-destruction balances, enabling direct comparison of cou-
pling strategies on a second-law basis.

Pinch Point analysis identifies the minimum temperature approach 
and thermodynamic limit of feasible heat transfer, differential heat-
transfer integration links local thermal driving forces to exchanger 
sizing, and exergy analysis quantifies the degradation of available 
work associated with temperature mismatch and heat-transfer irre-
versibility [22–24,45,46]. Together, these methods provide a thermo-
dynamically consistent basis for comparing direct helium coupling, 
indirect steam coupling, and hybrid industrial integration pathways 
under realistic engineering constraints.

Thermophysical properties were evaluated in a Python environ-
ment using the CoolProp adn CANTERA librarys and, with steady-
state operation, countercurrent heat exchange, and negligible pressure-
drop and radiative losses assumed throughout the baseline assessment. 
These assumptions define a first-order feasibility envelope suitable 
for comparative design analysis rather than detailed final engineering 
design [24,47,48].

3.1. Reference system configuration: HTGR with once-through steam gen-
erator

The thermodynamic reference system adopted in this work is an in-
direct heat-delivery configuration in which the reactor primary helium 
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Table 2
Main design and thermodynamic parameters of the HTR-PM and Xe-100 HTGR–SMR concepts, used in this work as reference 
boundary conditions for refinery and hydrogen integration analyses [10,13,15,44].
 Parameter HTR-PM (per module) Xe-100 (per module) Unit  
 Thermal Power 250 200 MWth 
 Electrical Power (net) 105 80 MWe  
 Core Outlet Temperature 750 750 ◦C  
 Core Inlet Temperature 250 260 ◦C  
 Primary Coolant Helium Helium –  
 Primary Coolant Pressure 7.0 6.0 MPa  
 Coolant mass flow rate 96.35 78.6 kg/s  
 Secondary fluid mass flow rate 89.81 76.6 kg/s  
 Fuel Type TRISO (UO2) TRISO (UCO) –  
 Moderator/Structure Graphite Graphite –  
 Steam Cycle Interface OTSG–Rankine OTSG–Rankine –  
 Design Maturity (TRL) 9 7–8 –  
Fig. 1. Simplified process-flow diagram of the HTR-PM and Xe-100 systems in Once-Through Steam Generator (OTSG) configuration, showing the primary helium 
loop, secondary steam circuit, and the thermal interfaces that define the boundary conditions for industrial heat integration and cogeneration analyses.
loop transfers heat to a secondary steam circuit through an OTSG. This 
secondary loop then acts as the interface between the nuclear system 
and the downstream industrial process network [13,15,18].

This configuration was selected over direct helium–process coupling 
for three principal reasons. First, it improves safety by preserving 
hydraulic and radiological separation between the nuclear and indus-
trial domains. Second, it mitigates materials and corrosion constraints 
associated with direct high-temperature helium exchange. Third, it 
aligns with the reference layouts already adopted in both the HTR-
PM and Xe-100 concepts, making it a credible near-term integration 
pathway for refinery and hydrogen applications [8,14,18].

The OTSG architecture preserves a large fraction of the high-
temperature potential of the HTGR while using a mature steam in-
terface that is compatible with refinery heaters, hydrogen production 
systems, and cogeneration schemes. In practical terms, it also provides 
a convenient common boundary condition for comparing reactor con-
cepts of different size without altering the downstream thermodynamic 
methodology [7,36].

Table  2 summarize the reference operational parameters used for 
the HTR-PM and Xe-100 systems, respectively. Both designs are mod-
eled with helium outlet temperatures of 750 ◦C, defining the up-
per thermal boundary condition for all industrial integration cases 
considered in this work [13,15].

Fig.  1 illustrates the simplified reference configuration used through-
out the methodological development. The scheme highlights the pri-
mary helium loop, the OTSG heat-transfer stage, and the secondary 
steam interface through which heat is ultimately delivered to refinery 
and hydrogen systems.

This reference configuration defines the common thermal starting 
point for all subsequent analyses. Its thermodynamic performance is 
first evaluated as a component-level baseline in Section 4, after which 
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the same boundary conditions are extended to the refinery, hydrogen, 
and cogeneration cases.

3.2. Pinch point methodology

Pinch Point analysis was used to identify the thermodynamic fea-
sibility limits of heat exchange between reactor-side and process-side 
streams. In the present context, the key indicator is the minimum 
temperature difference, 𝛥𝑇min, which marks the point of closest thermal 
approach between the hot and cold streams and therefore defines the 
limiting constraint for feasible heat transfer [45,46].

While classical pinch analysis is typically applied to full heat-
exchanger networks, in this work the methodology is adapted to single 
heat exchangers and localized reactor–process interfaces. This mod-
ification is important because the objective is not to synthesize a 
complete refinery network, but rather to evaluate the detailed thermo-
dynamic compatibility of specific HTGR coupling schemes under realis-
tic temperature trajectories and, where relevant, phase change [18,21,
28].

The analysis is based on cumulative heat–temperature (CHT) curves, 
which represent the temperature evolution of the hot and cold streams 
as a function of cumulative transferred heat. For a stream with mass 
flow rate 𝑚̇ and specific heat capacity 𝑐𝑝, the cumulative heat flow is 
written as 

𝑄(𝑇 ) = ∫

𝑇

𝑇in
𝑚̇ 𝑐𝑝 𝑑𝑇 . (1)

The local temperature difference between the hot and cold streams 
is then expressed as 
𝛥𝑇 (𝑄) = 𝑇 (𝑄) − 𝑇 (𝑄), (2)
ℎ 𝑐
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and the pinch condition is defined by 
𝛥𝑇min = min

𝑄
𝛥𝑇 (𝑄). (3)

This representation makes it possible to identify not only the min-
imum approach temperature, but also the global thermal matching 
quality over the entire exchanger duty. For HTGR integration stud-
ies, this is particularly useful because helium and refinery process 
streams often exhibit very different effective heat-capacity rates, pro-
ducing strongly nonuniform temperature differences even when inlet 
and outlet conditions appear acceptable [25,27,30].

Beyond identifying 𝛥𝑇min, the CHT representation provides direct 
information about where local thermal mismatch becomes most severe 
along the duty path. For that reason, pinch analysis serves as the natural 
bridge between feasibility assessment, exchanger sizing, and second-
law interpretation in the integrated framework developed here [21–
23].

3.3. Heat-transfer evaluation via differential heat-transfer integration

To translate the temperature profiles obtained from pinch analysis 
into engineering requirements, the present work uses a differential 
heat-transfer formulation rather than a single global Log Mean Tem-
perature Difference (LMTD). This choice reflects the strong variation of 
local thermal driving force along the exchanger, especially in systems 
involving helium on one side and water/steam or multicomponent 
hydrocarbon streams on the other [24,49].

The local heat-transfer relation is written as 
𝑑𝑄 = 𝑈𝛥𝑇 𝑑𝐴, (4)

where 𝑈 is the overall heat-transfer coefficient, 𝛥𝑇  is the local tem-
perature difference, and 𝑑𝐴 is the incremental heat-transfer area. Re-
arranging, the local area contribution becomes 

𝑑𝐴 = 𝑑𝑄
𝑈 (𝑇ℎ − 𝑇𝑐 )

. (5)

Integration over the total exchanger duty yields the required heat-
transfer area: 

𝐴 = ∫

𝑄max

0

𝑑𝑄
𝑈 (𝑄) [𝑇ℎ(𝑄) − 𝑇𝑐 (𝑄)]

. (6)

This formulation preserves the local thermal structure of the ex-
changer and is therefore better suited than a single LMTD value for 
systems with nonuniform temperature gradients or phase transitions. 
It also provides a direct physical connection between the pinch curves 
and exchanger sizing, since the same local temperature field used to 
determine 𝛥𝑇min is integrated to calculate area [24,49,50].

For the helium–water OTSG reference case, the overall heat-transfer 
coefficient is treated as a piecewise function of the thermodynamic 
region of the water/steam side. The secondary fluid is divided into 
three practical regions:

• Subcooled liquid: 𝑇 < 𝑇sat
• Boiling region: 𝑇 ≈ 𝑇sat
• Superheated vapor: 𝑇 > 𝑇sat

Accordingly, the local overall coefficient is written as 

𝑈 (𝑄) =

⎧

⎪

⎨

⎪

⎩

𝑈𝐿, 𝑄 ∈ 𝛺𝐿

𝑈𝑇𝑃 , 𝑄 ∈ 𝛺𝐵

𝑈𝑉 , 𝑄 ∈ 𝛺𝑆

(7)

where 𝛺𝐿, 𝛺𝐵 , and 𝛺𝑆 denote the subcooled, boiling, and superheated 
regions, respectively.

Representative values were selected from standard ranges reported 
for gas–water heat exchange:
𝑈 = 800 W m−2K−1, (8)
𝐿
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𝑈𝑇𝑃 = 1500 W m−2K−1, (9)

𝑈𝑉 = 600 W m−2K−1. (10)

These values reflect the expected enhancement of heat transfer in 
the boiling region and the lower convective coefficients in single-phase 
liquid and superheated vapor regions [24,50]. Numerically, the integral 
in Eq. (6) is evaluated using the trapezoidal rule along the cumulative 
heat coordinate, ensuring consistency with the same thermodynamic 
discretization adopted for the pinch analysis.

The advantage of this formulation is that it can be extended nat-
urally to process-side cases involving crude oil and refinery mixtures, 
where neither 𝑐𝑝 nor effective heat-transfer coefficients remain constant 
along the heating path. In that sense, the method provides a flexible but 
still physically transparent basis for comparing different HTGR coupling 
strategies at a common level of engineering detail [28,30,48].

3.4. Entropy generation analysis in the heat exchanger

The entropy generation associated with the heat exchange process 
was evaluated in order to quantify the thermodynamic irreversibilities 
of the system. For a steady-state control volume, the entropy balance 
can be expressed as 

𝑆̇𝑔𝑒𝑛 =
∑

𝑜𝑢𝑡
𝑚̇𝑠 −

∑

𝑖𝑛
𝑚̇𝑠 −

∑ 𝑄̇
𝑇

(11)

where 𝑆̇𝑔𝑒𝑛 is the rate of entropy generation, 𝑚̇ represents the mass flow 
rate, 𝑠 is the specific entropy, and 𝑄̇ denotes the heat transfer occurring 
at the boundary temperature 𝑇 .

For the heat exchanger considered in this work, heat transfer with 
the external environment is neglected, and therefore the system can 
be treated as adiabatic. Under this assumption, the entropy balance 
simplifies [7,22,23].

The associated exergy-destruction rate follows directly from the 
Gouy–Stodola theorem: 
𝑋̇dest = 𝑇0𝑆̇gen, (12)

where 𝑇0 is the ambient reference temperature.
In the present work, these quantities are used as the principal indi-

cators of thermodynamic irreversibility at the reactor–process interface.
Entropy generation captures the cumulative effect of local temper-

ature differences over the exchanger duty. Exergy destruction, in turn, 
expresses the same effect in power units, making it especially useful for 
comparing the thermodynamic penalty of process heat delivery against 
alternative uses of reactor thermal output such as electricity generation 
or hydrogen production [7,22,23].

The combined use of Pinch Point analysis, differential heat-transfer 
integration, and exergy balances makes it possible to interpret each 
integration case at three distinct but connected levels:

• the feasibility level, through 𝛥𝑇min,
• the equipment level, through required exchanger area 𝐴,
• the second-law level, through 𝑆̇gen and 𝑋̇dest .

This three-level interpretation is one of the central methodological 
contributions of the present work. Rather than evaluating heat-transfer 
feasibility, exchanger size, and exergy losses separately, the framework 
connects them through a common set of local temperature profiles 
and thermophysical-property calculations. This enables direct compar-
ison between alternative HTGR integration schemes under a unified 
thermodynamic basis [8,18,21].

This framework is first applied in Section 4 to the helium–water 
OTSG baseline in order to establish the component-level thermody-
namic reference of the intermediate steam loop. This same methodol-
ogy is then extended in Section 5 to refinery process heating and in 
Section 6 to hydrogen production and cogeneration, allowing all cases 
to be interpreted on a common thermodynamic basis.
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Fig. 2. Cumulative heat–temperature (CHT) curves for helium–water countercurrent heat exchange in the reference HTGR–OTSG system (𝜀 = 0.95), identifying 
the pinch region and the minimum temperature difference that constrain feasible heat transfer and govern entropy generation.
4. Reference HTGR–OTSG baseline results

This section applies the thermodynamic framework developed in 
Section 3 to the reference HTGR–OTSG interface defined as the com-
mon delivery architecture for all subsequent industrial integration 
cases. The purpose of this baseline analysis is to establish the ther-
modynamic behavior of the helium–water/steam exchanger before 
refinery process streams are introduced. In this way, the component-
level performance of the nuclear-to-steam interface can be separated 
from the additional irreversibilities associated with crude oil heat-
ing, multicomponent hydrocarbon mixtures, and hydrogen production 
pathways.

The reference case represents the indirect heat-transfer configura-
tion already adopted as the preferred common boundary condition for 
the HTR-PM and Xe-100 systems. Helium exits the reactor at 750 ◦C 
and transfers heat to the secondary water/steam stream in a counter-
current on OTSG with an exchanger effectiveness of 𝜀 = 0.95. The 
resulting temperature profiles, required heat-transfer area, and entropy-
generation levels define the baseline against which all refinery and 
hydrogen integration options are compared.

This section is organized in three parts. First, the thermal matching 
behavior of the helium–water OTSG is discussed using CHT curves. 
Second, the implications of the local temperature field for heat-transfer 
area are interpreted in engineering terms. Third, the associated entropy 
generation and exergy destruction are used to determine whether the 
intermediate steam loop is itself a major thermodynamic penalty or, 
instead, an effective exergy-conditioning stage between the reactor and 
the industrial process network.

4.1. Temperature matching in the reference OTSG

The first step in evaluating the reference HTGR–OTSG system is 
to determine the thermal compatibility between the reactor helium 
stream and the secondary water/steam circuit. Fig.  2 presents the CHT 
obtained for the helium–water countercurrent exchanger under the 
baseline conditions defined in Section 3.1. The hot and cold composite 
curves approach one another smoothly, and the pinch region remains 
localized rather than extending across a broad fraction of the exchanger 
duty.

The resulting minimum temperature difference is 39.3 ◦C, which 
is small compared with the values later obtained for direct helium 
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coupling to refinery hydrocarbons. This indicates good thermal compat-
ibility between the reactor-side helium and the steam generation duty. 
Physically, the reason is that water/steam offers a more favorable heat 
absorption trajectory than crude oil: boiling and superheating allow the 
cold-side stream to absorb heat over a temperature profile that better 
matches the helium enthalpy decline.

From the standpoint of heat integration, this result is significant 
because it shows that the indirect steam loop does not inherently create 
a severe pinch limitation. On the contrary, it converts the very high-
grade thermal output of the reactor into a secondary thermal carrier 
with a much more adaptable temperature profile. This supports the 
use of the OTSG not merely as a safety-driven separation stage, but 
as a thermodynamically useful conditioning interface for downstream 
industrial applications.

4.2. Heat-transfer area and engineering implications

The local temperature field represented by the CHT curves can 
be translated into equipment requirements through the differential 
heat-transfer integration described in Section 3.3. For the reference 
helium–water case, the total heat-transfer area required to satisfy the 
specified duty at 𝜀 = 0.95 is 3119.6 m2, obtained from Eq. (6) using 
the CHT profiles shown in Fig.  2. This result, summarized in Table  3, is 
consistent with an industrial-scale Intermediate Heat Exchanger (IHX) 
and indicates that the temperature approach achieved in the OTSG does 
not require unrealistically large heat-transfer surfaces.

The area requirement must be interpreted together with the dis-
tribution of local heat-transfer coefficients. In the OTSG, the boiling 
region contributes strongly to heat transfer because of its elevated 
effective coefficient, while the subcooled and superheated regions im-
pose the main surface penalties. Even so, the overall area remains 
moderate when compared with the much larger exchanger demands 
associated with refinery process-side mismatches. This is important 
because it shows that the indirect steam interface improves thermal 
quality without making the exchanger physically prohibitive.

From a design perspective, the reference OTSG therefore occupies a 
favorable middle ground. It preserves much of the reactor temperature 
potential, provides a familiar steam interface for industrial systems, 
and does so with exchanger dimensions compatible with large nuclear 
and petrochemical equipment practice. This makes the helium–water 
baseline a credible engineering reference for both HTR-PM and Xe-100 
deployment scenarios.
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Table 3
Integrated thermodynamic performance indicators for the reference helium–water 
heat exchanger, combining Pinch Point, differential heat-transfer integration, and 
exergy analyses to quantify thermal matching, heat-transfer requirements, and 
irreversibility levels.
 Parameter Units Value  
 Pinch-point temperature difference (𝛥𝑇min) ◦C 39.3  
 Heat-transfer area (𝐴) m2 3119.6 
 Entropy-generation rate (𝑆̇gen) kW/K 52.28  
 Exergy-destruction rate aprox. (𝑋̇dest) MW 15.59  
4.3. Entropy generation and baseline exergy performance

The second-law performance of the reference exchanger is char-
acterized by the entropy generation and exergy destruction along 
the helium–water heat-transfer path. For the baseline OTSG case, the 
entropy-generation rate is 52.28 kW/K, according to Eq. (11), and the 
exergy-destruction rate is 15.59 MW, as calculated from Eq. (12). These 
results suggest that the intermediate steam loop imposes a modest 
thermodynamic penalty and does not govern the irreversibility of the 
integrated system, particularly relative to the larger losses identified 
later in the direct reactor-to-refinery coupling configuration.

Table  3 compiles the principal indicators of the baseline OTSG 
performance. Considered together, the values show a coherent thermo-
dynamic picture: a relatively low pinch-point temperature difference, a 
feasible exchanger area, and a moderate exergy penalty. In other words, 
the OTSG acts as an efficient exergy-conditioning stage, transforming 
reactor heat into a more usable industrial form while sacrificing only a 
limited fraction of available work.

These baseline indicators are essential for interpreting the refinery 
integration results. If the IHX had already imposed a large irreversibil-
ity penalty, the advantages of indirect steam coupling at refinery scale 
would be questionable. However, the present results show the opposite: 
most of the additional exergy destruction observed in direct industrial 
coupling arises not in the nuclear steam-generation stage, but in the 
mismatch between the heat-delivery medium and the refinery process 
stream itself.

The reference OTSG baseline therefore provides the thermodynamic 
foundation for the comparative analyses developed in the next sections. 
It establishes that the intermediate steam loop is both physically realis-
tic and thermodynamically efficient, justifying its use as the preferred 
near-term delivery architecture for refinery heat, hydrogen support, 
and cogeneration integration.

4.4. Implications for subsequent integration cases

The baseline results of this section define the benchmark from which 
the more demanding industrial cases must be assessed. In practical 
terms, they show that a helium outlet temperature of 750 ◦C can 
be transferred to a secondary steam circuit with good temperature 
matching and moderate exergy loss, thereby preserving a large share 
of the reactor’s useful thermal potential for downstream applications. 
This benchmark is especially important when evaluating direct helium 
coupling, because it isolates the penalty associated with bypassing the 
intermediate steam loop.

Taken as a whole, the present section shows that the indirect HTGR–
OTSG interface should be interpreted not as an auxiliary component 
but as the central thermodynamic backbone of the integrated system. 
By establishing a low-irreversibility bridge between the reactor and 
the industrial site, it enables the comparative assessment of refinery 
heat, hydrogen, and cogeneration options on a common and physically 
meaningful basis.

Building on this baseline, Section 5 applies the same reactor-side 
thermal conditions to refinery process-heat duties, and Section 6 ex-
tends the framework to hydrogen production and cogeneration, where 
the value of preserving high-grade exergy becomes even more pro-
nounced.
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5. HTGR–refinery integration scenarios

This section develops the refinery integration scenarios built upon 
the component-level baseline established in Section 4. The objective 
is to evaluate how the reference HTGR thermal interface performs 
when extended from the helium–water/steam exchanger to represen-
tative refinery duties, with particular emphasis on atmospheric dis-
tillation, vacuum heating, and refinery-scale heat substitution in the 
Barrancabermeja case [6,19,28,30].

All scenarios are referenced to the reactor conditions defined in 
Section 2.2 and the thermal interface introduced in Section 3.1. Ac-
cordingly, the direct helium and indirect steam cases are assessed 
under a consistent reactor outlet condition of 750 ◦C, corresponding 
to the reference HTR-PM and Xe-100 boundary conditions. This consis-
tency is essential for comparing integration pathways on a like-for-like 
thermodynamic basis [13–15].

The refinery-side analysis is organized in four steps. First, represen-
tative hydrocarbon mixtures are defined for the main process streams 
used in the topping and vacuum-heater cases. Second, direct helium 
coupling is examined as the upper-bound reactor–process integration 
route. Third, a multi-stage direct-heating configuration is evaluated 
to determine whether process-side heat cascading can mitigate the 
limitations of single-stage coupling. Fourth, an indirect steam-based 
OTSG configuration is assessed as the practical integration option under 
refinery-relevant conditions.

5.1. Representative hydrocarbon mixtures and thermophysical modeling

A central difficulty in refinery heat-integration studies is that actual 
process streams are multicomponent hydrocarbon mixtures with broad 
boiling distributions, non-ideal behavior, and composition ranges that 
are seldom reported in sufficient detail for reproducible thermodynamic 
modeling [25,28,48]. For this reason, the present work adopts repre-
sentative surrogate mixtures for the refinery-side streams considered in 
the topping and vacuum heating cases. These mixtures are intended to 
preserve the relevant thermal behavior of the corresponding refinery 
cuts while remaining compatible with the property models available in
CoolProp [21,47].

The topping-duty stream is represented by a light-to-medium hy-
drocarbon mixture dominated by 𝑛-alkanes in the C5–C12 range, to-
gether with a limited aromatic fraction. This approximation reflects the 
composition of crude fractions entering or crossing the atmospheric-
distillation heating interval, where the relevant thermal behavior is 
governed primarily by sensible heating below the heavy-residue
regime [19,28,30]. The representative composition used in this work 
is summarized in Table  4.

The vacuum-heater stream requires a heavier surrogate because the 
relevant process duty is associated with the heating of vacuum gas oil 
and heavier residual fractions. In this temperature region, the effective 
heat capacity and density trends differ from those of lighter topping 
cuts, so a heavier pseudo-mixture must be used to preserve the correct 
thermodynamic response [6,19,30]. The representative heavy mixture 
adopted here is summarized in Table  5.

For the heavier fraction range (C13–C22), the thermophysical be-
havior was additionally simulated using Cantera to ensure a more 
consistent representation of high-temperature properties.
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Table 4
Representative light-to-medium hydrocarbon surrogate mixture used for the atmospheric-
distillation and topping-heater analyses, selected to approximate the thermal behavior of refinery 
streams in the medium-temperature heating range.
 Component Formula Fraction type Mass fraction (%) 
 n-Pentane C5H12 Light gasoline cut 15  
 n-Hexane C6H14 Intermediate gasoline 25  
 Toluene C7H8 Aromatic fraction 15  
 n-Octane C8H18 Heavy gasoline 20  
 n-Decane C10H22 Kerosene/diesel cut 25  
Table 5
Representative heavy hydrocarbon surrogate mixture used for vacuum-distillation and residue-
heating analyses, selected to approximate the thermal response of heavier refinery fractions under 
medium- and high-temperature heating conditions.
 Component Formula Fraction type Mass fraction (%) 
 Tetradecane C14H30 Heavy diesel fraction 20  
 Hexadecane C16H34 Atmospheric gas oil 20  
 Octadecane C18H38 Vacuum residue 20  
 Eicosane C20H42 Middle distillate 20  
 Heneicosane C21H44 Lube oil light 10  
 Docosane C22H46 Lube oil 10  
The use of surrogate mixtures inevitably simplifies the true com-
position of refinery streams. In the present work, those fractions are 
represented by a reduced set of pseudocomponents chosen to reproduce 
the dominant thermophysical trends required for heat-transfer and ex-
ergy calculations rather than detailed compositional chemistry [25,48]. 
This level of representation is appropriate because the main objective 
of the study is to compare integration pathways under a consistent 
thermodynamic framework, not to reproduce refinery assay data at the 
molecular level.

Thermophysical properties were calculated using the CoolProp
library with the same general assumptions introduced in Section 3. 
Enthalpy, entropy, density, and heat capacity were evaluated over the 
process-relevant temperature range for the surrogate mixtures and then 
used to construct the cumulative heat–temperature curves, entropy-
generation integrals, and area calculations reported in the following 
subsections. A compact set of extended property data is retained in 
Appendix for traceability and reproducibility.

The representative-mixture approach has two practical advantages 
for the present study. First, it ensures internal consistency between the 
refinery heat-demand data summarized in Table  1 and the local ther-
modynamic models used in the heat-exchanger calculations. Second, 
it allows the interpretation of process-side irreversibilities to remain 
physically meaningful when comparing direct helium exchange with 
steam-mediated heat delivery. In other words, the refinery integration 
results below should be interpreted not as generic ‘‘crude heating’’ ab-
stractions, but as calculations performed on thermodynamically defined 
surrogate streams representative of the Barrancabermeja case [6,19,
28].

5.2. Direct helium coupling

Direct helium coupling represents the most immediate thermody-
namic connection between the HTGR and the refinery process stream. 
In this configuration, reactor helium transfers heat directly to the crude 
feed entering the topping section, eliminating the intermediate steam 
loop and preserving the highest available temperature level from the 
reactor side. As such, this route defines the upper thermal potential of 
HTGR-based industrial heat integration, but also the most demanding 
condition in terms of heat-transfer matching, materials, and second-law 
performance [8,18].

For the refinery-side stream, the direct-helium topping case uses 
the representative light-to-medium mixture defined in Section 5.1 and 
Table  4. The thermodynamic properties of this surrogate stream were 
used to generate the cumulative heat–temperature curves and the 
9 
second-law indicators discussed below, while extended property values 
remain available in Appendix.

Fig.  4 illustrates the direct coupling between the HTGR primary 
helium loop and the crude oil topping unit. In the consistent reference 
case used here, helium exits the reactor at 750 ◦C and transfers heat 
directly to the crude stream entering the distillation train.

The thermodynamic behavior of this configuration is governed by 
the large mismatch between the heat-capacity-flow characteristics of 
helium and the refinery hydrocarbon stream. As shown by the cumu-
lative heat–temperature curves in Fig.  3, the hot and cold composite 
curves remain widely separated across most of the exchanger duty. 
The minimum temperature difference remains very large, and the heat-
transfer process is characterized by steep local thermal gradients over 
a broad heat-load interval.

The operating conditions and mass-flow parameters adopted for this 
configuration are summarized in Table  6.

The performance indicators in Table  7 confirm that the resulting 
irreversibility is substantial. Entropy generation exceeds 200 kW/K, 
corresponding to an exergy destruction of nearly 64 MW, which is close 
to one quarter of the reactor thermal power. Under these conditions, 
direct helium coupling remains thermodynamically feasible, but its 
second-law performance is strongly penalized by the large tempera-
ture approach and by the inability to tune the helium-side effective 
heat-capacity flow independently of reactor design constraints [18,22,
23].

From an engineering standpoint, this configuration should therefore 
be interpreted as a boundary comparison case rather than as the 
preferred near-term deployment route. Although direct helium transfer 
preserves the highest temperature level available from the reactor, it 
does so at the cost of severe thermal mismatch, high irreversibility, and 
stringent exchanger requirements. These characteristics explain why 
the direct route is useful as a thermodynamic benchmark, but not as 
the most practical refinery integration architecture.

5.3. Multi-stage process heating

To evaluate whether process-side heat cascading can improve the 
performance of direct helium coupling, a second configuration dis-
tributes reactor heat across two refinery duties: the topping and
vacuum-heater sections. The purpose of this scenario is to test whether 
splitting the heat load across different process temperature levels 
can reduce the large thermal mismatch observed in the single-stage 
direct-helium case [25,28].
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Table 6
Operating and thermodynamic parameters of the HTGR–topping 
furnace configuration with direct helium coupling, defining the 
heat duty, mass-flow rates, and boundary conditions governing 
temperature matching and irreversibility generation.
 Characteristic Value  
 Thermal power 250 MWth  
 System configuration Reactor – Topping 
 Coolant mass flow rate 96.35 kg/s  
 Secondary fluid mass flow rate 208 kg/s  
Fig. 3. Cumulative heat–temperature (CHT) curves for direct helium–crude oil heat exchange (𝜀 = 0.95). The wide separation between hot and cold composite 
curves indicates strong thermal mismatch, resulting in large minimum temperature differences and high entropy generation.
Table 7
Heat-transfer and second-law performance indicators for the direct helium–
crude oil topping exchanger. Large temperature differences drive high entropy 
generation and exergy destruction.
 Parameter Units Value  
 Pinch-point temperature difference (𝛥𝑇min) ◦C 219.3  
 Heat-transfer area (𝐴) m2 2431.8 
 Entropy-generation rate (𝑆̇gen) kW/K 213.86 
 Exergy-destruction rate aprox. (𝑋̇dest) MW 63.76  
In this configuration, the topping duty is represented by the light-
to-medium mixture of Table  4, while the vacuum-heater duty is repre-
sented by the heavy surrogate mixture of Table  5. This allows the staged 
heating calculation to capture the different thermophysical responses of 
lighter and heavier refinery fractions without resorting to a fully assay-
specific crude model. The supporting property basis for the heavier 
mixture is retained in Appendix.

Fig.  5 shows the corresponding cumulative heat–temperature behav-
ior, while Table  8 summarizes the main operating conditions used in 
the multi-stage analysis. In this arrangement, helium from the reactor 
is used sequentially to supply the higher-temperature vacuum-heater 
duty and then the topping duty, thereby improving utilization of the 
reactor-side enthalpy drop.

The multi-stage arrangement produces a measurable but limited 
thermodynamic improvement. As the heat duty is distributed more ef-
fectively across the refinery temperature ladder, the entropy-generation 
rate decreases and exergy destruction is reduced relative to the single-
stage direct-helium case, as quantified by the performance indicators 
in Table  9. This confirms that better use of reactor enthalpy is possible 
when multiple process sinks are arranged in series.
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However, the improvement remains incremental rather than struc-
tural. The minimum temperature difference still exceeds 200 ◦C, in-
dicating that the dominant source of irreversibility is not simply the 
lack of staging, but the intrinsic mismatch between helium and hydro-
carbon process streams. Even with cascading, the direct-helium route 
retains high exergy losses and only a moderate gain in second-law 
efficiency [22,23,27].

This result is important for the logic of the paper because it shows 
that process rearrangement alone cannot overcome the thermodynamic 
limitation of direct helium coupling. Multi-stage heating improves 
reactor-side heat utilization, but it does not fundamentally change 
the quality of the thermal match. As a result, the direct-helium route 
remains better interpreted as a high-temperature comparison case than 
as the preferred industrial solution for refinery retrofits.

5.4. Steam-based OTSG integration

A fundamentally different integration pathway introduces an in-
termediate steam loop between the reactor and the refinery. In this 
configuration, helium first transfers heat to an OTSG, generating high-
pressure steam that is subsequently supplied to the topping and
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Fig. 4. Process-flow diagram of the direct HTGR–crude oil topping configuration, where high-temperature helium transfers heat directly to the crude stream. 
The large temperature gradients established across the exchanger define the dominant sources of entropy generation and exergy destruction in the second-law 
analysis.
Fig. 5. Cumulative heat–temperature (CHT) curves for direct helium coupling to topping and vacuum-heater units (𝜀 = 0.95). Partial heat cascading improves 
mid-range thermal matching, but large minimum temperature differences persist and limit exergy recovery.
Table 8
Thermodynamic configuration of the HTGR–refinery system with direct helium 
coupling to topping and vacuum-heater units, establishing the mass-flow distri-
bution and thermal duties used in the multi-stage heat-exchange analysis.
 Characteristic Value  
 Thermal power 250MWth  
 System configuration Reactor – Vacuum Heater – Topping 
 Coolant mass flow rate 96.35 kg∕s  
 Crude oil mass flow rate 185 kg∕s  
 Residue oil mass flow rate 165 kg∕s  
11 
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Table 9
Heat-transfer and second-law performance indicators for the direct helium multi-
stage refinery configuration including vacuum-heater and topping duties.
 Parameter Units Value  
 Pinch-point temperature difference (𝛥𝑇min) ◦C 214.5  
 Heat-transfer area (𝐴) m2 2735.90 
 Entropy-generation rate (𝑆̇gen) kW/K 188.44  
 Exergy-destruction rate aprox. (𝑋̇dest) MW 56.18  
Fig. 6. Process-flow diagram of the HTGR–OTSG–refinery integration using an intermediate steam loop. The secondary steam circuit thermally decouples the 
nuclear and industrial systems while improving temperature matching and reducing irreversibility in downstream process heat exchangers.
Table 10
Thermodynamic configuration of the HTGR–steam–refinery system em-
ploying an OTSG, defining the operating conditions that enable improved 
thermal compatibility and reduced exergy destruction.
 Characteristic Value  
 Thermal power 250 MWth  
 System configuration Reactor – Steam – Refinery 
 Coolant mass flow rate 89.81 kg/s  
 Crude oil mass flow rate 168 kg/s  
 Residue oil mass flow rate 94 kg/s  
vacuum-heater units through refinery-side heat exchangers and steam 
headers. This architecture is consistent with the component-level base-
line established in Section 4 and with the reference reactor interfaces 
defined for the HTR-PM and Xe-100 [13,15,18].

The refinery-side exchangers in this configuration again use the 
representative mixtures introduced in Section 5.1: the light-to-medium 
mixture for topping service and the heavy mixture for the vacuum-
heater service. Their use is particularly important in the steam-based 
configuration because the lower process-side temperature mismatch 
makes the local heat-capacity trajectory of the refinery stream more 
influential on the final values of 𝛥𝑇min, 𝐴, 𝑆̇gen, and 𝑋̇dest. Additional 
thermophysical data for the heavy mixture are reported in Appendix.

Fig.  6 illustrates the steam-based configuration, and Table  10 sum-
marizes the corresponding operating conditions. Relative to direct he-
lium coupling, the key thermodynamic advantage of this route is that 
the intermediate steam loop reshapes the temperature profile delivered 
to the refinery, producing a much better match with the process-side 
heat-demand trajectory.

The cumulative heat–temperature curves in Fig.  7 confirm the ther-
modynamic benefit of the steam route. The temperature gap between 
12 
hot and cold composite curves is substantially compressed relative to 
the direct-helium cases, and the resulting heat-transfer path is much 
closer to near-isothermal behavior over the relevant duty range.

The performance indicators in Table  11 show that the reduction 
in irreversibility is decisive. Compared with direct helium coupling, 
the steam-based route cuts entropy generation by roughly half and 
reduces exergy destruction from about 60 MW to roughly 28–36 MW 
per 250 MWth module, depending on the specific exchanger duty and 
interpretation basis. The corresponding second-law efficiency reaches 
approximately 89%, making this the best-performing configuration 
among all the refinery process-heat pathways evaluated in the present 
work [18,22,23].

Although the required heat-transfer area (4253.3 m2) is larger than 
in the direct-helium case, this increase is not a disadvantage in system 
terms. Rather, it reflects the fact that the steam-based route exchanges 
heat with a much smaller temperature driving force and therefore with 
much lower exergy penalty. The resulting area requirement remains 
compatible with industrial-scale intermediate exchangers and is con-
sistent with the role of the OTSG as an effective exergy-conditioning 
stage between the reactor and the refinery.
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Fig. 7. Cumulative heat–temperature (CHT) curves for steam–crude oil heat exchange in topping and vacuum-heater units (𝜀 = 0.95). The reduced temperature 
gradients indicate much better thermal matching and significantly lower entropy generation than in direct helium coupling.
Table 11
Heat-transfer and exergy-analysis parameters for steam–crude oil heat exchangers 
in topping and vacuum-heater units, demonstrating reduced entropy generation 
and substantially lower exergy destruction than in the direct helium configura-
tions.
 Parameter Units Value  
 Pinch-point temperature difference (𝛥𝑇min) ◦C 72.6  
 Heat-transfer area – Vacuum heater (𝐴) m2 4253.3 
 Entropy-generation rate (𝑆̇gen) kW/K 119.97 
 Exergy-destruction rate aprox. (𝑋̇dest) MW 35.77  
The second-law efficiency of the heat transfer process was evaluated 
as 

𝜂𝐼𝐼 = 1 −
𝑋̇𝑑𝑒𝑠𝑡

𝑋̇𝑖𝑛
(13)

where 𝑋̇𝑑𝑒𝑠𝑡 represents the exergy destruction associated with the irre-
versibilities of the heat-exchange process, and 𝑋̇𝑖𝑛 corresponds to the 
exergy supplied by the hot stream [22,23].

For the helium-based configurations, the exergy supplied by the hot 
stream was estimated using the analytical expression for an ideal gas 
with approximately constant specific heat: 

𝑋̇𝑖𝑛 ≈ 𝑚̇𝑐𝑝

[

(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) − 𝑇0 ln
(

𝑇𝑖𝑛
𝑇𝑜𝑢𝑡

)]

(14)

which provides a consistent approximation for comparative second-
law assessment under the reactor-side conditions considered in this 
work [22,51].

For the steam-based configuration, the exergy supplied by the hot 
stream was calculated using the physical exergy formulation based on 
real fluid properties: 
𝑋̇𝑖𝑛 = 𝑚̇

[

(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡) − 𝑇0(𝑠𝑖𝑛 − 𝑠𝑜𝑢𝑡)
]

(15)

where ℎ and 𝑠 represent the specific enthalpy and entropy of the steam 
stream at the inlet and outlet of the heat exchanger, respectively, and 
𝑇0 is the ambient temperature.

This formulation accounts for the non-ideal thermodynamic behav-
ior of water at high pressure and temperature and therefore provides a 
more accurate evaluation of the exergy supplied by the steam stream.

It should be noted that, in the steam-based configuration, an addi-
tional source of irreversibility must be considered. Prior to process heat 
utilization, thermal energy from the helium coolant is first transferred 
to water in the OTSG. This intermediate heat transfer process intro-
duces additional entropy generation and therefore additional exergy 
destruction; this was quantified in Table  12.
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Taken together, the refinery-side results show that the intermediate 
steam loop is not simply a compromise imposed by safety and engineer-
ing practice. It is also the thermodynamically preferred architecture for 
transferring HTGR heat to refinery streams whose temperature trajec-
tories are poorly matched to direct helium cooling. This observation is 
the central result of the present section and provides the basis for the 
deployment interpretation developed next (see Table  13).

6. Hydrogen production and cogeneration

The results of Section 5 show that, after the main refinery process-
heating duties have been supplied, a significant fraction of high-quality 
thermal exergy remains available from the HTGR system. Rather than 
dissipating this potential through single-purpose heat rejection, it can 
be redirected toward additional refinery services that make better use 
of the reactor’s temperature and exergy levels.

This section examines three complementary extensions of the refin-
ery integration framework. First, high-temperature nuclear hydrogen 
pathways are framed, with HTSE adopted as the principal fully nuclear 
route evaluated in detail. Second, nuclear-assisted steam methane re-
forming (SMR-H2) preheating is discussed as a transitional option that 
can reduce emissions while preserving compatibility with existing re-
finery assets. Third, Rankine- and Brayton-based cogeneration schemes 
are considered to illustrate how HTGR output can be distributed among 
process heat, hydrogen production, and electricity generation within an 
integrated industrial energy system.

6.1. High-temperature hydrogen pathways for refineries

Hydrogen is a strategic component of refinery decarbonization be-
cause it is a core input for hydrotreating, hydrocracking, and deep 
desulfurization. This is particularly important for the Barrancabermeja 
Refinery, where hydrogen demand is large enough that decarbonizing 
process heat alone would still leave a substantial share of fossil-derived 
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Table 12
Comparative summary of thermodynamic performance indicators for the evaluated HTGR–
refinery integration configurations.
 Configuration 𝑆̇𝑔𝑒𝑛 (kW/K) 𝑋̇𝑑𝑒𝑠𝑡 (MW) 𝜂𝐼𝐼 (%) 
 Direct helium (Topping) 213.86 63.76 57.50  
 Direct helium (Vacuum + Topping) 188.44 56.18 62.54  
Table 13
Second-law performance of the steam-mediated heat integration configuration.
 Configuration 𝑆̇𝑔𝑒𝑛 (kW/K) 𝑋̇𝑑𝑒𝑠𝑡 (MW) 𝜂𝐼𝐼OTSG  (%) 𝜂𝐼𝐼R  (%) 
 Steam-based (OTSG coupling) 119.97 35.77 70.66 62.46  
emissions associated with upgrading operations. In this context, hydro-
gen should be treated as part of the same integrated energy system as 
process heat rather than as an independent downstream utility.

HTGRs are especially well suited for low-carbon hydrogen pro-
duction because they can support both high-temperature steam elec-
trolysis (HTSE) and thermochemical pathways such as sulfur–iodine 
(S–I), hybrid sulfur (HyS), hydrogen–bromine (H–Br), and other high-
temperature water-splitting configurations. Their ability to provide 
stable heat in the approximate 750–950 ◦C range allows a signifi-
cant fraction of the process energy demand to be supplied directly 
as heat, reducing the electrical burden relative to low-temperature 
electrolysis and improving the overall utilization of reactor exergy [8,
35,52]. Previous HTGR–SOEC coupling studies have reported thermal-
to-hydrogen efficiencies on the order of 45%–50%, confirming the ther-
modynamic advantage of combining high-temperature reactors with 
advanced hydrogen production routes [8,53].

Within this broader framework, HTSE is the most direct option for 
integration with the steam-based heat-delivery architecture developed 
in Section 5.3, since the remaining high-quality exergy of the reactor 
can be redirected to solid oxide electrolysis once medium-grade refinery 
heat has already been extracted. Thermochemical cycles, however, 
should not be interpreted as marginal alternatives. They belong to the 
same high-temperature hydrogen landscape and may become especially 
attractive when the objective is to maximize direct thermal utilization 
rather than rely primarily on electricity. In that sense, HTSE and ther-
mochemical cycles are better understood as complementary pathways 
within a broader HTGR-based hydrogen portfolio.

This broader perspective is reinforced in the Colombian context 
by the recent study of Gómez Carvajal et al. [54], who evaluated 
HTGR-based hydrogen production using HTSE together with four ther-
mochemical routes: S–I, HyS, H–Br, and Mg–Cl. For a modular HTGR 
system composed of eight 125 MWe units, they report maximum annual 
hydrogen productions of 203.5 kt/year for HTSE, 70.8 kt/year for S–
I, 166.5 kt/year for HyS, 148.0 kt/year for H–Br, and 277.5 kt/year 
for Mg–Cl, with corresponding hydrogen-plant efficiencies of 40.6%, 
26.98%, 61.03%, 47.55%, and 44.63%, respectively [54]. These results 
show that HTSE combines high output with direct compatibility with 
steam-based HTGR integration, while some thermochemical routes can 
achieve either higher conversion efficiency or greater hydrogen yield 
under favorable conditions [54].

For Barrancabermeja, whose hydrogen demand can be estimated at 
approximately 114 t/day (∼41.6 kt/year) based on Ecopetrol’s reported 
refining-system hydrogen consumption and the share attributed to the 
Barrancabermeja site [55], even the lowest-output route reported by 
Gómez Carvajal et al. would nominally cover the refinery’s current 
annual requirement [54,55]. This suggests that the key issue is not 
production sufficiency, but the thermodynamic and strategic choice of 
pathway within a broader allocation of reactor exergy between process 
heat, electricity, and hydrogen. Within that framework, HTSE remains 
the most coherent fully nuclear option for the present study, whereas 
the thermochemical routes define the wider long-term performance 
envelope of HTGR-based hydrogen supply [8,54].
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6.2. Hybrid HTGR–SMR-H2 preheating

While Section 6.1 framed HTSE as the principal long-term fully 
nuclear pathway for refinery hydrogen supply, existing refineries are 
unlikely to replace steam methane reforming assets immediately. This 
is particularly true for brownfield sites such as Barrancabermeja, where 
hydrogen is already produced through fossil-based reforming units 
embedded in the broader refinery utility system. A more immediate 
transition route therefore consists of using HTGR heat to preheat the 
steam–methane feed mixture upstream of the reformer while preserv-
ing the catalytic reforming section, shift conversion, and downstream 
purification train. In this hybrid arrangement, nuclear heat does not 
eliminate SMR-H2 as a process, but reduces the fossil firing duty 
required to bring the feed to full reforming conditions.

Fig.  8 presents the cumulative heat–temperature behavior for
helium–steam–methane heat exchange in this preheating configura-
tion. The pinch point appears near the hot end of the exchanger, 
showing that the same thermodynamic limitation identified in the 
refinery direct-helium cases also emerges here: as the cold stream 
approaches the high temperatures required for reforming, the local 
temperature driving force collapses and the exchanger becomes in-
creasingly constrained. This confirms that direct helium transfer is 
poorly matched to the final high-temperature segment of a strongly 
endothermic reforming duty, even when it remains useful for upstream 
sensible heating.

The thermodynamic implication is therefore specific and practi-
cally important. Under optimistic exchanger assumptions, the HTGR 
helium stream can raise the reformer feed only to approximately 
720–740 ◦C, which remains below the preferred reforming range of 
about 800–950 ◦C for conventional nickel-catalyzed steam methane 
reforming. Direct helium heating is thus not sufficient, by itself, to 
sustain the full reforming reaction zone. However, this does not di-
minish the value of the concept; rather, it defines its proper role. 
Nuclear heat is most effective here as a preheating stage that displaces 
a substantial fraction of the sensible-heating burden otherwise supplied 
by the reformer furnace, while the residual high-temperature duty 
remains concentrated in the catalytic section. This interpretation is 
consistent with previous studies of HTGR-assisted reforming, which 
likewise conclude that nuclear heat is best used to offset upstream 
furnace duty rather than to replace the entire endothermic reforming 
train [56,57].

For Barrancabermeja, this pathway is especially relevant because 
the refinery already operates fossil-based hydrogen production units 
and faces decarbonization pressure without the practical possibility 
of instantaneous process substitution. In that context, hybrid preheat-
ing offers a retrofit-compatible route that preserves the installed re-
former asset base while reducing natural-gas combustion and associ-
ated emissions. Based on the heat-transfer behavior obtained here, he-
lium preheating could reduce auxiliary firing requirements by roughly 
25%–35%, depending on feed conditions, heat allocation, and reformer 
operation. Since hydrogen production constitutes a significant share of 
the refinery’s fossil energy use, this partial substitution can produce 
meaningful CO2 abatement while avoiding the institutional and capital 
barriers associated with immediate full replacement of SMR-H  units.
2
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Fig. 8. Cumulative heat–temperature (CHT) curves are presented for the counter-current heat exchange between helium and a steam–methane mixture with a 
molar ratio of 3:1. The mixture is preheated from 30 ◦C at a pressure of 2MPa, assuming a heat exchanger (effectiveness of 𝜀 = 0.95) The pinch point is located 
near the hot end of the exchanger, limiting the maximum attainable preheating temperature. This behavior highlights the inherent thermodynamic constraint of 
direct helium coupling when supplying heat for fully endothermic steam reforming reactions.
Table 14
Comparison of conventional, hybrid, and fully nuclear hydrogen production pathways, highlighting temperature 
range, specific CO2 emissions, and technology readiness.
 Configuration Effective process Specific CO2 TRL 
 temperature (◦C) (kg CO2/kg H2)  
 Conventional SMR-H2 800–950 8–10 9  
 HTGR + SMR-H2 preheat (hybrid) 720–740 (He preheat) 5–7 6–7 
 HTGR + HTSE (fully nuclear) 750–950 < 1 5–6 
This transitional role distinguishes the hybrid pathway from the 
fully nuclear logic of Section 6.1. HTSE represents the long-term route 
for deep refinery hydrogen decarbonization, whereas hybrid preheating 
is a brownfield integration strategy designed to operate within the 
constraints of current refinery hardware. Its value lies less in achieving 
minimum theoretical emissions than in providing an implementable 
intermediate step between conventional reforming and future fully 
nuclear hydrogen systems. In this sense, the hybrid option should be 
interpreted not as a competing endpoint, but as a deployment bridge 
that can accelerate emissions reductions before full HTSE deployment 
becomes technically and economically mature at refinery scale.

This interpretation is also consistent with the emerging literature 
on hybrid nuclear hydrogen systems. Yoo et al. [58], for example, 
analyzed a configuration combining HTGR heat, high-temperature elec-
trolysis, and methane reforming for the simultaneous production of 
pink and grey hydrogen, showing that hybrid pathways can improve 
system economics during the transition toward fully nuclear hydrogen 
supply. Although their process layout differs from the refinery preheat-
ing configuration evaluated here, the broader lesson remains appli-
cable: partial nuclear integration can play an important intermediate 
role when existing reforming infrastructure, capital stock, and staged 
decarbonization objectives must all be considered simultaneously.

Table  14 compares the three refinery-relevant deployment pathways 
examined quantitatively in this study: conventional SMR-H2, hybrid 
HTGR–SMR-H2 preheating, and HTGR–HTSE. The comparison should 
not be read as a binary competition between technologies, but as a 
staged deployment sequence for refinery decarbonization. Conventional 
reforming is the incumbent route, hybrid preheating is the retrofit 
transition step, and HTSE represents the long-term low-carbon option 
once broader nuclear–hydrogen integration becomes feasible.

From a systems perspective, the hybrid pathway reinforces one 
of the central conclusions of the present work: direct helium heat 
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transfer is not best interpreted as the sole heat source for strongly 
mismatched industrial duties, but it can be highly effective when 
used selectively as a high-temperature preheater inside a broader cas-
caded architecture. For refinery hydrogen systems, this makes hybrid 
HTGR–SMR-H2 preheating a technically meaningful and strategically 
credible transition route, especially in large brownfield sites such as 
Barrancabermeja, where phased decarbonization is more realistic than 
immediate technology replacement.

6.3. Rankine and Brayton cogeneration options

Beyond process heat and hydrogen production, HTGRs can also pro-
vide electricity and recoverable thermal energy through conventional 
power-conversion cycles. This capability is particularly relevant, as re-
finery decarbonization involves not only replacing fired heaters but also 
optimally allocating reactor thermal output among steam, electricity, 
and chemical energy pathways. Cogeneration therefore provides the 
system-level context within which the refinery integration scenarios 
discussed in Sections 5 and 6.1–6.2 should be interpreted.

The first representative configuration is a steam Rankine cycle with 
process steam extraction (Fig.  9). Reactor heat is transferred through 
an IHX and a OTSG to drive a steam turbine, where a controlled 
fraction of high-pressure steam is extracted for industrial use while 
the remaining flow generates electricity. This configuration benefits 
from high technological maturity and direct compatibility with existing 
refinery steam networks, making it suitable for near-term deployment.

The second configuration is a closed Brayton cycle with intermedi-
ate heat recovery (Fig.  10). In this case, thermal energy is extracted 
downstream of turbine expansion, where exhaust temperatures remain 
sufficiently high for direct process heat supply or secondary steam 
generation. From a second-law perspective, this approach preserves 
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Fig. 9. HTGR–Rankine cogeneration scheme with steam extraction for process heat supply, illustrating the trade-off between electricity generation and exergy 
degradation.
Fig. 10. Closed Brayton cycle coupled to an HTGR with intermediate heat recovery, enabling higher-temperature heat utilization and reduced exergy losses.
a larger fraction of high-temperature exergy than Rankine extraction, 
as heat recovery occurs at higher temperature levels. However, its 
implementation remains more challenging due to material constraints, 
leakage control, and turbomachinery requirements.

Table  15 summarizes representative operating conditions and recov-
erable energy levels for the evaluated waste heat recovery configura-
tions. Rankine-cycle systems provide a balanced trade-off between net 
electrical output and moderate heat extraction, whereas Brayton-cycle 
configurations deliver significantly higher recoverable thermal power 
owing to their elevated post-expansion exhaust temperatures. The col-
umn Energy (MWe/year) represents the annual electrical generation 
potential under the combined operating conditions of net power output 
and thermal heat extraction, assuming a capacity factor of 92.75% [10]. 
16 
Consequently, Brayton cycles are more suitable for high-temperature 
process integration or hydrogen production, while Rankine systems 
remain the most practical option for near-term refinery applications.

To retain a deployment-oriented perspective, Table  16 provides a 
qualitative comparison of the main hydrogen and cogeneration path-
ways. Rather than a detailed techno-economic assessment, it highlights 
relative maturity, integration complexity, and deployment timelines.

In the Rankine cycle, steam extraction levels remain relatively 
stable, but decreasing steam temperatures reduce the available exergy, 
limiting its use for high-grade applications. In contrast, Brayton cy-
cles enable more efficient thermal utilization by maintaining higher 
temperature levels, allowing simultaneous electricity generation and 
high-quality heat recovery.
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Table 15
Estimated operating conditions, generated power, and recoverable thermal energy for Rankine and Brayton cogeneration 
configurations.
 Cycle Configuration/

Key parameter
Operating range Power 

(MW𝑒)
Heat 
(MW𝑡ℎ)

Energy 
(MWh𝑒/year)

 

 Rankine (extraction) 𝑦 = 22%, 3 MPa 344.13 ◦C 
𝑇𝑖𝑛 = 233.52 ◦C

67.78 41.40 550.60  

 Rankine (extraction) 𝑦 = 22%, 5 MPa 412.74 ◦C 
𝑇𝑖𝑛 = 262 ◦C

65.54 41.15 532.50  

 Rankine (extraction) 𝑦 = 22%, 8 MPa 482.82 ◦C 
𝑇𝑖𝑛 = 262 ◦C

63.19 43.71 513.40  

 Brayton (closed) PR = 2 528 ◦C 
𝑇𝑐𝑜𝑚𝑝 = 113 ◦C

38.48 207.44 312.70  

 Brayton (closed) PR = 4 359.82 ◦C 
𝑇𝑐𝑜𝑚𝑝 = 15 ◦C

69.69 172.53 566.20  
Table 16
Representative Max Steam production potential and energetic cost indicators.
 Method Max Steam 

(kg/s)
𝑃 (MPa) 𝑇  (◦C) Electrical impact Thermal cost 

(MW𝑡ℎ)
 

 OTSG 89.81 13.25 566 – 2.64  
 IHX after GT (Brayton) 50 5 450 None 3.23  
 IHX after GT (Brayton) 70 3 260 None 2.80  
 Rankine extraction (8 MPa) 19.75 8 482 Penalty ≈0.38  
 Rankine extraction (5 MPa) 19.75 5 412 Penalty ≈0.31  
 Rankine extraction (3 MPa) 19.75 3 348 Penalty ≈0.24  
The simplified configurations analyzed prioritize thermal energy 
recovery, enabling a first-order assessment of their feasibility for re-
finery integration. For a representative 100 kbpd refinery, steam de-
mand is approximately 39 MW𝑡ℎ and 28 MW𝑡ℎ [59]. Industrial require-
ments typically involve high-pressure (∼5 3 MPa) and low-pressure 
(∼1 −0.3 MPa) steam, representing 30%–60% of total demand within 
a temperature range of 141–350 ◦C [59].

For the Barrancabermeja refinery, estimated demands reach 89.7
MW𝑡ℎ and 64.4 MW𝑡ℎ, underscoring the relevance of these configura-
tions for large-scale integration [6,19].

In Table  16, the penalty denotes the reduction in net power output 
resulting from steam extraction. The thermal cost represents the thermal 
energy consumed in steam production that is permanently removed 
from the energy conversion chain; since the extracted auxiliary steam 
does not recirculate, each unit of thermal energy diverted cannot be 
recovered for further electrical generation or cogeneration purposes. In 
other words, the thermal cost quantifies the irreversible thermal expen-
diture, expressed in MWth, associated with producing each megawatt 
of extracted steam under the specified operating conditions.

These conditions are consistent with typical refinery steam headers 
and are suitable for common operations such as distillation, stripping, 
and process heating. The configurations considered are directly derived 
from the system layouts presented in this work, where steam generation 
is achieved through IHX–OTSG coupling.

From a system perspective, these options should be interpreted as 
complementary modes of exergy allocation rather than competing alter-
natives. A rational strategy prioritizes process heat supply, followed by 
hydrogen production, and finally electricity generation from residual 
thermal energy.

This hierarchy is consistent with previous studies on HTGR in-
tegration with thermochemical cycles, solid oxide electrolysis, and 
industrial processes [52,60–62]. These works support the interpreta-
tion of HTGRs as high-temperature energy hubs rather than purely 
electricity-generating systems.

Overall, OTSG-based integration remains the most practical near-
term solution for refinery heat supply, HTSE defines a coherent long-
term pathway for hydrogen production, and hybrid HTGR–SMR pre-
heating offers a viable transition strategy. Within this framework, 
Rankine and Brayton cycles enable flexible cogeneration, allowing 
process heat, electricity, and chemical energy to be allocated according 
to thermodynamic quality.
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7. Integrated deployment architecture for the Barrancabermeja 
refinery

The results of Sections 5 and 6 define a refinery-scale deployment 
architecture for the Barrancabermeja Refinery. The central result is 
that the thermodynamic advantage of the OTSG-based configuration 
extends beyond individual exchanger performance and remains valid 
at system scale. The preferred architecture is therefore not the one that 
preserves the highest temperature at the process boundary, but the one 
that minimizes irreversibility across the full heat-delivery chain.

Fig.  11 summarizes this system-level interpretation. It should be 
read as an integrated deployment concept in which reactor output is 
distributed according to the exergy hierarchy identified in the pre-
ceding sections. High-grade nuclear heat is first conditioned through 
the OTSG and then assigned to the refinery duties with the highest 
temperature requirements, while the remaining thermal potential is 
directed to the steam network, cogeneration, and hydrogen-related 
services.

Under this interpretation, the integrated system recovers approxi-
mately 419 MWth through process heat exchangers, generates about 
27 kg/s of low-pressure steam and 7 kg/s of high-pressure steam, and 
retains a net electrical output of approximately 14.45 MWe. The corre-
sponding throughput is about 200 kbpd. The figure should therefore be 
interpreted as a physically grounded integration proposal derived from 
the thermodynamic results, rather than as a definitive plant layout.

This architecture also implies a multi-module deployment strategy. 
The Barrancabermeja process-heat demand lies in the several-hundred-
megawatt range, making clustered HTGR deployment the most realis-
tic route for displacing the most carbon-intensive fired-heater duties 
while preserving flexibility for hydrogen production and cogeneration. 
For the HTR-PM, this corresponds to about three 250 MWth mod-
ules; an equivalent Xe-100 deployment would require a larger number 
of 200 MWth modules, although the thermodynamic basis would re-
main unchanged because the system-level benefit arises primarily from 
steam-mediated heat delivery rather than reactor design alone.

The practical relevance of this interpretation is reinforced by the 
compatibility assessment in Table  17. Most major Barrancabermeja 
process units are thermodynamically compatible with HTGR-based heat 
supply, particularly through the OTSG steam route. In this table, Fea-
sible denotes thermodynamic compatibility with the temperature and 
interface conditions of the process unit, whereas Partial indicates that 
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Fig. 11. Thermodynamic process diagram illustrating a modular HTGR-based integration concept for a refinery system with process units, heat duties, and steam 
demand equivalent to those of the Barrancabermeja refinery. The configuration incorporates high-temperature heat supply, multi-pressure steam networks, and 
cogeneration pathways, assuming 𝜂turb = 𝜂gen = 0.90 and 𝜀 = 0.95 for heat exchangers.
Table 17
Compatibility of HTGR-based heat-delivery configurations with major refinery processes based on temperature requirements and 
interface conditions. For hydrogen pathways, the classification refers only to direct process-heat delivery to the corresponding 
unit and does not represent an assessment of the overall feasibility of nuclear-assisted hydrogen production.
 Process unit (Temperature range) Direct helium OTSG steam Brayton Rankine  
 Atmospheric distillation (350–380 ◦C) Feasible Feasible Feasible Partial  
 Vacuum distillation (380–430 ◦C) Feasible Feasible Feasible Partial  
 FCC feed preheating (450–520 ◦C) Feasible Feasible Partial Not feasible 
 Visbreaking (450–480 ◦C) Feasible Feasible Partial Not feasible 
 CCR reforming (450–520 ◦C) Feasible Feasible Partial Not feasible 
 HDT heaters (320–370 ◦C) Feasible Feasible Feasible Partial  
 VGO hydrotreating (340–380 ◦C) Feasible Feasible Feasible Partial  
 FCC naphtha hydrotreating (250–350 ◦C) Feasible Feasible Feasible Feasible  
 Base oil and asphalt (200–300 ◦C) Feasible Feasible Feasible Feasible  
 SMR-H2 (30–950 ◦C) Feasible 

(only 
preheat)

Not feasible 
for direct 
unit heat 
delivery

Not feasible Not feasible 

 HTSE (30–950 ◦C) Feasible 
(only 
preheat)

Not feasible 
for direct 
unit heat 
delivery

Not feasible Not feasible 
18 
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Table 18
Technological Readiness Level (TRL) assessment of HTGR-based heat-delivery configurations.
 Configuration TRL Justification  
 Direct helium (He–crude) 3–4 Conceptual stage with no demonstrated helium–crude heat 

exchangers; limited to analytical and experimental studies.
 

 Helium–OTSG–crude 9 High maturity due to proven IHX technology and widespread 
industrial use of steam-based heat exchange systems.

 

 Rankine integration 9 Fully mature technology with extensive industrial and nuclear 
deployment of steam turbines and associated systems.

 

 Brayton integration 4 Limited to conceptual and pilot-scale developments; no 
industrial helium turbine systems for refinery heat applications.

 

the duty can only be met under restricted operating conditions or with 
additional integration measures.

The same conclusion is supported by the technology-readiness as-
sessment in Table  18. The helium–OTSG–crude pathway is not only the 
thermodynamically referred option, but also the most credible near-
term route for implementation. By contrast, direct helium-to-crude 
integration remains useful as an upper-temperature benchmark, yet 
significantly less mature as an industrial deployment pathway.

Within this refinery-scale framework, hydrogen production is best 
interpreted as an additional outlet for preserved high-grade exergy 
rather than as a separate subsystem. HTSE represents the most coherent 
long-term fully nuclear pathway, whereas hybrid nuclear preheating 
of SMR-H2 feedstock defines a more immediate transition route for 
existing refinery assets. The deployment logic is therefore common 
across process heat, hydrogen, and cogeneration: high-quality thermal 
resources should be allocated first to the most temperature-demanding 
services and only then to lower-grade uses.

This same logic clarifies the role of modularity. The configuration 
shown in Fig.  11 is best understood as an initial deployment case that 
illustrates the thermodynamic structure of the concept. Full coverage 
of the principal refinery thermal demand would require the addition 
of a third HTGR module. This staged interpretation is fully consistent 
with the modular character of HTGR deployment, in which capacity can 
be added progressively as process-heat, hydrogen, and steam-network 
demands are incorporated.

Fig.  12 extends this interpretation by showing how additional 
HTGR modules can increase refinery heat coverage and strengthen 
hydrogen-related services within the same thermodynamic framework. 
As helium–steam heat exchange and associated integration pathways 
move closer to commercial deployment, modularity becomes more 
than a reactor attribute; it becomes the basis for phased refinery 
decarbonization. In that sense, the OTSG-based architecture should be 
understood as the thermodynamic backbone of HTGR-assisted refin-
ery decarbonization because it combines temperature compatibility, 
exergy preservation, and technology readiness more effectively than 
the direct-helium alternatives.

8. Conclusions

This study examined how HTGR–SMRs can be coupled to refinery 
process heat, hydrogen production, and cogeneration under realistic 
thermodynamic constraints, using the Barrancabermeja Refinery as the 
reference case.

The results show that the central integration problem is not the 
availability of high temperature, but the thermodynamic quality of the 
reactor–process match and the way high-grade heat is allocated across 
refinery services. At the component level, the helium–water OTSG pro-
vides an effective intermediate interface, with a minimum temperature 
difference of 39.3 ◦C, a heat-transfer area of 3119.6 m2, and an exergy-
destruction rate of 15.59 MW. At the refinery level, indirect steam 
delivery through the OTSG and direct helium supply to multiple process 
duties achieve comparable second-law performance, with efficiencies of 
about 62.46–62.54%, whereas direct helium coupling to the topping 
unit alone performs less favorably, with a second-law efficiency of 
57.50% and an exergy-destruction rate of 63.76 MW. These results 
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confirm that the observed thermodynamic differences do not arise from 
the OTSG itself, but from the degree of thermal matching between the 
heat source and the refinery duties.

From this perspective, the OTSG-based route remains the most 
credible near-term configuration for refinery integration, not because 
it inherently eliminates irreversibilities, but because it enables a more 
effective redistribution of heat quality across the refinery network 
while preserving hydraulic and operational separation between the 
nuclear and industrial systems. The staged direct-helium case reduces 
exergy destruction relative to topping-only heating, but still remains 
constrained by the intrinsic mismatch between helium cooling and 
hydrocarbon heating trajectories.

The hydrogen and cogeneration results support the same system-
level interpretation. HTSE remains the most coherent long-term path-
way for fully nuclear low-carbon hydrogen production, whereas nuclear-
assisted SMR-H2 preheating provides a practical transition option for 
existing refinery assets. More broadly, the results indicate that HT-
GRs should be interpreted not simply as substitutes for fired heaters, 
but as integrated energy platforms capable of allocating heat, steam, 
electricity, and hydrogen according to exergy quality.

In terms of deployment, the energy balances reported in this work 
correspond specifically to the configurations presented Figs.  11 and
12. For the two-reactor configuration shown in Fig.  11, the system 
uses approximately 419 MWth in process heat exchange and auxiliary 
steam generation, while also producing 14.45 MWe, corresponding to 
a refinery processing capacity of about 200 kbpd. Under this configu-
ration, the electrical efficiency is about 2.9%, while the overall energy 
efficiency reaches 86.7%, indicating that most of the nuclear output 
is effectively directed to process applications rather than electricity 
generation.

If a third 250 MWth module is incorporated under the configura-
tion represented in Fig.  12, approximately 118.75 MWth from helium 
cooling could be used for preheating the natural gas–steam mixture in 
the SMR-H2 process, while an additional 118.75 MWth would remain 
available for other refinery duties, electricity generation, or related ser-
vices. In this sense, three 250 MWth HTR-PM modules, or an equivalent 
Xe-100 multi-module deployment, define a realistic modular pathway 
toward supplying about 400 MWth of refinery process heat while 
preserving flexibility for hydrogen and cogeneration integration.

From a climate perspective, this integration framework suggests a 
technically structured pathway for deep refinery decarbonization in 
large industrial sites with multi-vector energy demand. For Barran-
cabermeja, the manuscript indicates that HTGR integration at this scale 
could avoid on the order of 3 Mt CO2/year while replacing a substantial 
share of fossil-fired process heat and enabling lower-carbon hydrogen 
pathways.

The present work remains a thermodynamic feasibility and ar-
chitecture study rather than a final engineering design. The analysis 
assumes steady-state operation, representative surrogate mixtures, and 
simplified exchanger and integration conditions. Future work should 
extend the framework toward dynamic operation, detailed balance-of-
plant design, site-specific techno-economic assessment, and regulatory 
evaluation of coupled nuclear–industrial systems.

The main contribution of this work is to provide a unified second-
law basis for comparing HTGR–refinery coupling pathways and to show 
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Fig. 12. Conceptual modular HTGR–H2–OTSG configuration illustrating the potential integration of multiple HTGR modules to supply both thermal and electrical 
energy, enabling broader demand coverage of the Barrancabermeja refinery.
that the thermodynamic benefit of OTSG-centered integration arises 
primarily from improved heat allocation and thermal matching across 
refinery services, rather than from the intermediate steam loop alone.
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Appendix. Extended thermophysical data for representative hy-
drocarbon mixtures

This appendix provides a reduced set of supporting thermophysical 
data for the surrogate hydrocarbon mixtures used in the refinery inte-
gration analyses of Section 5. The purpose of the appendix is not to 
restate the mixture definitions already introduced in the main text, but 
to preserve traceability for the property calculations used in the energy, 
entropy, and exergy balances.

Thermodynamic properties – enthalpy (𝐻), entropy (𝑆), density (𝜌), 
and specific heat (𝐶𝑝) – were calculated using the CoolProp library 
(version 6.6.2) over a temperature range representative of refinery 
heating duties. In the present work, only property differences were used 
in the heat-balance and exergy calculations, so the absolute reference 
state of 𝐻 and 𝑆 does not affect the comparative results reported in 
Section 5 [22,23,47].

Table  A.19 reports a compact set of temperature-dependent ther-
mophysical properties for the representative heavy mixture used in the 
vacuum-heater analyses. These values are sufficient to document the 
property trends underlying the calculated cumulative heat–temperature 
curves and entropy-generation estimates.

Values are reported relative to the internal CoolProp reference 
state. Only differences in 𝐻 and 𝑆 were used for the energy and exergy 
balance calculations discussed in Section 5. The simplified mixture 
framework adopted in the main text should therefore be interpreted as 
a thermodynamic surrogate approach aimed at comparative integration 
analysis rather than detailed refinery assay reconstruction [25,48].

Data availability

No data was used for the research described in the article.
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Table A.19
Temperature-dependent thermophysical properties of the representative heavy hydrocarbon mixture calculated with CoolProp, 
providing the basis for energy and exergy balance calculations in refinery integration analyses.
 T (◦C) H (kJ/kg) S (kJ/kg K) 𝜌 (kg/m3) 𝐶𝑝 (kJ/kg K) Note  
 30 −210.13 −0.463 702 2.17 Reference state  
 150 373.48 1.109 3.12 2.16 Atmospheric distillation range 
 300 738.37 1.843 2.25 2.69 Mid-temperature regime  
 420 1083.20 2.388 1.85 3.04 Vacuum distillation regime  
 480 1270.26 2.647 1.70 3.19 Upper bound of analysis  
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