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ABSTRACT

Refineries are major sources of direct CO, emissions, primarily from steam generation, fluid cata-
lytic cracking, and hydrogen production. This study develops a superstructure optimization frame-
work to evaluate the economic and environmental viability of retrofitting existing refineries with
small modular nuclear reactors (SMRs) for cogeneration of heat and electricity. A multi-period
mixed-integer quadratically constrained program is formulated, simultaneously minimizing the
present cost of retrofitting and CO2 emissions over the time horizon. This problem is solved to
generate a Pareto frontier via the g-constraint method. Two cases are analyzed for a medium-
scale refinery, considering 1) inflexible operation under average annual electricity prices and 2)
flexible operation under hourly prices with the possibility of installation of storage devices. Com-
pared to a benchmark without SMRs in the superstructure, allowing their installation leads to re-
duced costs at lower or comparable emission levels. The results show that SMRs are primarily
used for high-pressure steam generation. Flexible operation and the inclusion of thermal energy
storage further reduce costs. Overall, SMRs appear in multiple non-dominated solutions, highlight-

ing their potential as a cost-effective refinery decarbonization strategy.

Keywords: Electricity & Electrical Devices, Energy Storage, Nuclear, Process Design, Refining

INTRODUCTION

Reducing emissions from energy-intensive indus-
tries is essential for meeting climate targets. Oil refineries
are among the largest industrial sources of direct CO,
emissions, primarily due to fossil-fired steam generation,
hydrogen production from steam methane reforming, and
large point sources such as fluid catalytic crackers [1].
Electrification and carbon capture can lower emissions,
but their effectiveness depends on electricity prices,
availability of renewable energy, natural gas prices, and
operational flexibility. This has increased interest in ex-
ploring other low-carbon sources of heat and power that
can be deployed directly at industrial sites.

Small modular nuclear reactors (SMRs) are among
the promising options for decarbonizing the chemical in-
dustry and refineries. Unlike conventional gigawatt-scale
nuclear plants, SMRs typically produce up to about 300
MWe per unit and are designed for modular construction
and incremental deployment [2]. Inherent safety features
enable simplified plant designs and greater flexibility,
https://doi.org/10.69997/sct.186922

particularly for deployment in remote or infrastructure-
limited industrial sites. This increased adaptability, along
with the ability to cogenerate electricity and steam,
makes them especially attractive for chemical plants and
refineries, where continuous demand for high-quality
utilities exists. Despite these advantages, several chal-
lenges remain. High first-of-a-kind capital costs, financ-
ing risks, and construction uncertainties pose significant
barriers to deployment. Additional challenges include
waste-management considerations and other regulatory
requirements, which make smaller units expensive to op-
erate. Addressing these issues is essential for realizing
the benefits of new technologies [3, 4].

As shown in Fig. 1, the nuclear reactor consists of a
reactor vessel, which houses the reactor core, coolant,
moderator and control rods. The core contains fuel as-
semblies where nuclear fission reactions generate heat,
surrounded by a moderator (light water or graphite) that
slows neutrons to sustain the chain reaction. Control rods
regulate the reaction rate by absorbing neutrons. Heat is
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Fig. 1. Schematic showing the structure of a nuclear reactor

removed by the coolant and transferred to steam gener-
ators or heat exchangers. Nuclear reactors are classified
by coolant and moderator type. Table 1 summarizes the
types illustrating the trade-offs between maturity and
achievable process temperatures.

Table 1. Achievable outlet temperatures for different
small modular reactor types [11]

Reac- Coolant/mod- Outlet Tempera- Ma-

tor erator ture (in centi- turity

type grade)

iPWR Light water/ 300-330 High
Light water

MSR Molten fluoride 600-750 Low
or chloride salt/
graphite

HTGR  Helium/ 750-950 Low
Graphite

Existing techno-economic assessments indicate
that construction time, financing conditions, and as-
sumptions regarding modularization dominate the uncer-
tainty in levelized cost of electricity estimates for SMRs
[5, 6]. Learning-curve analyses, such as the review by
Mignacca et al. [3], suggest that if modularization is
achieved at scale, each doubling of installed capacity
could lead to cost reductions of approximately 5-10%
through “economies of number, ” arising from the deploy-
ment of many identical units rather than traditional econ-
omies of scale. Reactor-level optimization studies inves-
tigate design trade-offs related to core configuration and
power conversion systems [7, 8]. System-level studies
examining SMRs in power system applications and

industrial applications highlight the value of cogeneration
and flexible operation [9-11].

This paper extends our previous studies [12] by
evaluating the potential for deploying small modular re-
actors to achieve economically viable decarbonization of
refineries. The superstructure, shown in Fig. 2, includes
both conventional and low-carbon pathways for hydro-
gen production and steam generation. SMRs enable ad-
ditional decarbonized pathways for high-pressure steam
(HPS) and hydrogen (H,) generation through the co-pro-
duction of low-carbon electricity and heat. SMR-gener-
ated electricity can be used to power proton exchange
membrane and alkaline electrolyzers for hydrogen pro-
duction and electric boilers for steam generation, while
reactor heat can be directly utilized to generate HPS.
Other pathways for decarbonizing hydrogen production
include steam methane reforming with pre- or post-com-
bustion carbon capture and electrolysis using electricity
purchased from the grid. Additional pathways for high-
pressure steam (HPS) generation include natural gas
boilers with post-combustion carbon capture and electric
boilers powered by grid electricity. Three storage options
are considered: electricity storage in lithium-ion batter-
ies, hydrogen storage in salt caverns, and SMR-gener-
ated heat stored in molten nitrate salt, which is referred
to as thermal energy storage (TES) in the rest of the pa-
per.

MATHEMATICAL MODELING

Small Modular Reactor
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Fig. 2: Superstructure considered in this study

We begin by describing the constraints associated
with design variables, including decisions on module se-
lection and construction timelines. The stated equations
are valid g € G,n € N,yr € YR (where G is the set of SMR
reactor technology types considered (e.g., G=
(iPWR, HTGR),N is the set of candidate module counts
(i.e., number of SMR modules that can be installed), N =
{1,2,3,4,5,6}, and YR is the set of planning years over the
optimization horizon, YR ={1,2,...,19}}), unless specified
otherwise. Equation (1) ensures that no more than one
reactor type g is installed in any given year, yr, as deter-
mined by the binary variable s, ,,. As shown in equation
(2), the module construction decisions m,, .. depend on
this selection; a module of type g can be constructed in a
year yr when the corresponding reactor type is selected.
The availability indicator a4, ,, indicates whether a given
module is already constructed, evaluated as a cumulative
sum of mg, . over time, as shown in equation (3), each
module becomes available in the year it is built and re-
mains available thereafter. According to equation (4), the
installed capacity in the year yr, Qg , -, Is given by the sum
of the prior year's capacity Q,,,—;and the expansion
QE, , yundertaken during that year. Annual expansion
QE,,, is bounded between technology-specific lower and
upper limits, conditional on the module construction
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decision binary m as shown in equation (5).

gnyr
YgegSzyr <1 (1)
Mg n,yr < sg,yr) (2)

— yr
Agnyr = Doy Mgyt
Q N, r—1+QE,n, r=Q,n, r
&;1,) 8;1,) 851,

Lmgpyr < QEgpyr < UMgp

Now we present the constraints showing operational re-
strictions. The stated equations are valid ge G,ne
N,hr € HR,d € D,yr € YR(where HRis the set of hourly
time steps within a representative day HR ={1,2, ..., 24},
and D is the set of representative days used to capture
intra-year operating variability D = {1, 2,3} for three rep-
resentative days per year), unless specified otherwise. A
module n can be committed in hour hr of representative
day d and year yr, denoted by binary oy, y,a.y, ONly if it is
already built by that time, denoted by a, , ., as shown in
equation (6). Electricity production eg ,, ,q.,r is limited by
the installed nameplate capacity Qg ,,, of each module,
equation (7). The reactor's core output rg, 44, SCaled
by heat-transfer and turbine efficiencies Nur, and nrg,,
expressed in electrical units, cannot exceed Q, ,, ,, When
the unit is committed, as enforced in equation (8). Ramp-
344



rate limits on the core output, bound hour-to-hour varia-
tion in rg ; pr.a,yr OY RRg/Mrg,, @s modeled by equation (9).
During implementation this constraint is decomposed
into two inequality constraints for each possible value of
the absolute function.

Og,n,hr,d,yr < ag,n,yr (6)

eg,n,hr,d,yr < Qg,n,yr’ (7)

rg,n,hr,d,yrnHTgnTEg < Qg,n,yr Og,n,hr,d,yr (8)
RR

Fonhr—tdyr — <—* (9)

| g.n,hr-1,d,yr g,n,hr,d,yrl -

Startup and shutdown events are tracked by bina-
res Vg, nrayr aNd Wg pnray Which relate to changes in
commitment status o, -4, across consecutive hours
through equation (10). Equation (11) prevents simultane-
ous startup and shutdown in the same hour. A module is
committed to electricity generation, denoted by binary
0eg 1 nrayr ONly When the module is online, as shown by
equation (12). Equation (13) shows that the electricity
generated e, .4, IS Z€ro whenever the unit is not com-
mitted for generation and is capped by Q,,, otherwise.
Minimum downtime is enforced via Equation (14), which
requires the module to remain offline for at least MDT,
hours after a decommitment before a new startup is per-
mitted.

Venhrdyr = Ognhrdyr = Ognhr—1dyr + Wgnhrdyr (10)

Ug,n,hr,d,yr + wg,n,hr,d,yr <1 (11)

Oeg,n,hr,d,yr < Og,n,hr,d,yr (12)

eg,n,hr,d,yr < Qg,n,yr Oeg,n,hrs (1 3)
MDT,

Zi:l g(l - Og,n,hr—i,d,yr) = Vg, n,hr,d,yr MDTg? (14)

Finally, we outline the financial constraints. Operat-
ing costs (OPEX) include startup costs, SCyVg ; pr,d,yrs Var-
iable costs proportional to overall reactor output
(VCqyrgnnray), and fixed annual costs, FC; Qg as
shown by Equation (15). The per unit startup and variable
cost components are multiplied by the weights of the
representative days, defined as the number of days each
representative day denotes, and are then summed to de-
termine the total. Capital expenditure (CAPEX) incurred
for building SMR modules each year is a function of the
annual capacity expansion and specific capital cost &
as shown in Equation (16).

OPEXSMR,yr = Z Wq Z Z Z (chvg,n,hr,d,yr

deD hreHR geG neN
+VCqrgnnrayr) + FCq Qonyr

Yyr € YR (15)

&yrt

CAPEXS‘MR,yr = ZgEG ZnEN QEg,n,yr 5g,yr Vyr € YR (16)
Khatu et al. / LAPSE:2026.0245

Thermal energy storage (TES)

The TES system is defined for each reactor type g
and module n. We begin with the equations relating de-
sign variables associated with TES. Capacity expansion
in TES, QE g, is bounded and activated by a binary in-
stallation decision kg ,, ,,,, @s shown in equation (17). Equa-
tion (18) shows that installed TES capacity is calculated
as a function of annual capacity expansions analogous to
SMR capacity. Equations (19)-(24) define the operational
constraints for TES. The state of charge, representing the
amount of heat stored l,,, 4, IS bounded by the in-
stalled thermal energy storage capacity Qrgsg,,r @S
specified in equation (19). The maximum charging
Connrdyra@nd discharging dg , n, 4, rates are limited to a
fraction of the total installed storage capacity, where the
parameter EP represents the minimum charge/discharge
time. The evolution of the state of charge is governed by
the energy balance in equation (22), which accounts for
net heat inflows and charging and discharging efficien-
cies. Equations (23) and (24) impose cyclic continuity
across representative days. These constraints are valid
given the use of a chronology-preserving agglomerative
hierarchical clustering (AHC) method, following Tso et al.
[13], to derive representative days.

Lkg,n,yr S QETES,g,n,yr S ng,n,yr (17)
QTES,g,n,yr—l + QETES,g,n,yr = QTES,g,n,yr (18)
lg,n,hr,d,yr < QTES,g,n,yr (1 9)
c < Qres,g,yr (20)
g.nhr,dyr = EP
d < QrES,g,n,yr (21)
g.nhrd,yr = EP
lgnhrdyr = lgnhr-1dyr +
d
g,n,hr,d,yr
Cg,n,hr,d,yr Charging — (22)
"Discharging
lenadyr = lgnoadyr +
d
8,1,24,d,yr
Cg,n,24,d,yr nCharging - - (23)
77Discharging
lg,n,l,d+1,yr = lg,n,24,d,yr +
d
8,1,24,d,yr
cg,n,24,d,yr nCharging - - (24)

77Discharging

The annual capital expenditure (CAPEX) resulting
from the installation of TES is a function of the annual ca-
pacity expansion and the capital cost per unit, as shown
in Equation (25). For this study, it is assumed that TES
incurs no additional operating expenditure.

CAPEXTES,yr = deG ZneN aTES,g,yr QETES,g,n,yr Vy’” € YR (25)
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Constraints modelling the rest of the
superstructure

We implement an extension of our previous formu-
lation in Karthikeyan et al. [12], while accounting for flex-
ible operations and the possibility of installation of stor-
age units. The constraints keeping track of the installed
capacities of each technology j, in each year, yr (Q; ), af-
ter capacity expansion and decommissioning decisions
are included from our previous work (Equations (7) — (10)
in [12]). These constraints are now also applicable to the
battery and H: storage units.

The stated operating and physical constraints in the
superstructure are applicable to hr € HR,d € D,and yr €
YR, unless otherwise stated. Operating constraints en-
sure that the hourly mass flow rates of key components
(kj) and power flow rates (Fk},j,h,,d,y,/ Py jhr,a,yry) 1O UNIL
Jj remains within the installed capacity limits and above a
minimum turndown fraction y; of the installed capacity,
respectively. We implement an extension to equations
(11)-(12) in [12] applicable to mass and power flows at
each hour of each representative day.

Constraint (26) ensures that each conversion tech-
nology operates above a minimum average annual utili-
zation factor, ¢;, preventing under-use of capital-inten-
sive assets.

¢ij,yr < ZdeD Wy ZhrEHR Zke[n(j) Pk,j,hr,d,yr VJ €
{e-boiler, PEME, AE} Vyr € YR (26)

For hydrogen storage units, the hourly charging and dis-
charging rates are constrained by equation (27), the in-
stalled storage capacity, and the charge/discharge dura-
tion 7; ,,, which represents the minimum number of hours

1y
required to fully charge or discharge the storage at its
rated power.
QH storage,yr
Fszariable or H, demand,H, storage,hr,d,yr < —— (27)
TH,storage,yr
The hydrogen stored in the system,

StOF 1, ,storage,nrd,yr AL ANY time, is limited by the installed
storage capacity, as shown in equation (28).

Stoer,sttorage,hr,d,yr < Qsttorage,yr (28)

Similarly, for battery storage units, the hourly charg-
ing and discharging power are constrained symmetrically
by the installed battery capacity and the charge/dis-

charge duration 7; ,,., as shown in equations (29) and (30).

QBattery, yr

Pelec.or elec.at dynamic price,Battery,hr,d,yr =
TBattery,yr

(29)
Equation (30) shows that the state of charge of the bat-
tery, stor e, pattery,hr.d,yrs 1S DOUNded by its installed en-

ergy capacity.

Storelec.,Battery,hr,d,yr < QBattery,yr (30)
Khatu et al. / LAPSE:2026.0245

The proposed formulation also specifies physical
balances across the task nodes (technology units) and
the resource nodes (components) across the superstruc-
ture. The task balances are defined by hourly extensions
to equations (1)-(2) and (4)-(6) in [12], which relate the
inlet and outlet component mass/energy flow rates,
(Fi,jnrayr!Pejnray) to the flow of a key component
Fk},j,h,,d,y,using simplified yield-based models for each

hour of each representative day.

The total hydrogen and high-pressure steam (HPS)
produced across all pathways and aggregated at each
hour of each representative day must satisfy the refin-
ery’s overall hydrogen and HPS demand. CO, capture and
emissions downstream of carbon capture units are as-
sumed proportional to inlet CO, flows, governed by the
capture efficiency of the respective CC technology.

Hourly mass and energy balances are also imposed
across resource nodes at each hour, extending equation
(3) in [12].

The mass balance on hydrogen storage, as shown
in equation (33) tracks the evolution of stored hydrogen,
Storu,,j nrd,yr» @S @ function of the net flow into the storage
unit at each hour.

Stoer,j,hr+1,d,yr = StoerJ,hr,d,yr +

( Z Fk,j,hr,d,yr - Z Fl,j,hr,d,yr)' At

keIn(j) 1€0ut(j)
V j € {H, storage} (33)

Equation (34) enforces continuity between the stor-
age level at the last hour of each day and the first hour of
the same representative day, valid due to chronology-
preserving AHC.

St gy, j1.dyr = StOTp, joadyr + (D) Frjzadyr
keln(j)

— D Fijosay) - At
leOut(j)

Y j € {H, storage} (34)

Equation (35) links the storage level at the last hour of
each day to that at the first hour of the following repre-
sentative day, valid due to chronology-preserving AHC.

Stoer,j,l,d+1,yr = Stoer,j,24,d,yr + ( Z Fk,j,24,d,yr
keIn(j)

— D Fijosay) - At
leOut(j)

V j € {H, storage} (35)

The intra-day state-of-charge dynamics of battery
energy storage between consecutive hours are modeled
in a manner similar to equation (33) in equation (36), ac-
counting for both charging and discharging efficiencies.

Storelec.,j,hr+1,d,yr = Storelec.,j,hr,d,yr

Syst Control Trans 5:342-351 (2026) 346



+( Z Pk,j,hr,d,yr : 77+ - Z Pl,j,hr,d,yr )/7)_] - At
keln(j) leOut(j)

V j € {battery} (36)

Equations (37) and (38) establish continuity between the
state of charge in batteries on consecutive days, analo-
gous to equations (34) and (35).

Storelec.,j,l,d,yr = Storelec.,j,24,d,yr

+( Z Pk,j,24,d,yr : 77+_ Z Pl,j,24,d,yr)/77_] - At
keln(j) leOut(j)

V j € {battery} (37)
Storelec.,j,l,d+1 yr = Storelec.,j,24,d,yr

+( Z Pjosdyr Nt — Z Pjoaday) /] At
keIn() 1e0ut(j)

V j € {battery} (38)

Equations relating variables from SMR, TES
modules and the rest of the superstructure

The electricity balance around the SMR is enforced
in equation (39). At each hour and representative day,
the total electrical output of all SMR types and modules,
Zgznegyn’h,’d’yr, must be fully allocated to: (i) electricity
supplied directly to internal equipment, Peec swrnrd,prs (i)
electricity flow to charge batteries
Putec. at dynamic price, sMR i,y @Nd (iii) electricity sold to the grid

at the dynamic selling price, P.ic soid,sMR hr.d,yr

dec 2nen Cgnhrdyr = Pelec., sMRhr.d,yr +
Pelec. sold, SMR,hr,d,yr + Pelec. at dynamic price, SMR,hr,d,yr (39)

Equation (40) states that for each reactor type and
module, the total energy produced at the core of the nu-
clear reactor discounted by the losses due to heat trans-
fer, rgnnrdyr NHT, is split consistently between three

competing uses: direct onsite steam production hg , 4.4 ,r
, TES charging %L;d”, and electricity generation via the
n

turbine, represented by eg’n,hr’d’yr/nTEg .

c e
g,n,hr,d,yr g,n,hr,d,yr __
n* + N7 - rg,n,hr,d,yr 77HTg (40)

hg nhr.dyr +

Finally, equation (41) closes the thermal balance be-
tween the SMR-TES system and the refinery steam net-
work. The sum, over all SMR types and modules, of direct
reactor heat used for steam production, scaled by the
overall heat-transfer efficiency nyr, hg 5 nr.aMur> and the
energy generated by discharging the TES,
dg . nr.a.yr SCaled by the discharge efficiency, scaled by
the overall heat-transfer efficiency n~ is equated to the
effective high-pressure steam stream Fyps swr nrd,r MUl-
tiplied by the enthalpy of vaporization AH,p,.

Khatu et al. / LAPSE:2026.0245

deG ZneN(hg,n,hr,d,yrnHT + dg,n,hr,d,yr’)_) =

FHPS, SMR,hr,d,yr Hvap (41 )

Finally, the annual operational expenditure accounts
for costs related to natural gas and electricity procure-
ment, operations of carbon capture equipment, storage
system operation, carbon tax incurred on residual CO:
emissions and operations of the SMR, shown in equation
(42). The contribution of each representative day is
weighted by its occurrence frequency wy.

OPEXy, = At - ) wy
deD hreHR {jeOut(NG)}

FNG,j,hr,d,yr : $NG,yr

Pelec.at dynamic price,grid,hr,d,yr * $elec.,hr,d,yr

D)

Jje{CC units}

F . ( NGconsumed $
CO,Captured,j,hr,d,yr unit mass COZ NG, yr

+ Srest of OPEX, j,yr )

Y

JjE€H,Storage

FHZ,j,hr,d,yr : $H2 Storage,yr

+( Pelec.at dynamic price,hr,d,yr + Pelec,Battery,hr,d,yr ) : $Battery,yr

FCOZReleased,j,hr,d,yr : $C02tax,yr
JjeEmissionSources

+ OPEXSMR,yr Vyr € YR (42)

Annual revenue from SMR’s electricity sales is com-
puted as the weighted sum of electricity sold at a fraction
of the buying price (discounting for grid congestion ef-
fects), as shown in equation (43).

Revenue , = At - Z wd( Z (leec.sold,SMR,hr,d,yr
deD hreHR

+ Pelec.sold,battery,hr,d,yr)

: $electricity,hr,d,yr fselling > Vyr € YR

(43)

Capital expenditure for process capacity expansion
are modeled in Equation (44) using a fixed-plus-variable
cost formulation. As in [12], the first term, «; ,, denotes
the fixed cost incurred for technology j in year yr, while
the second term, §; ,,QE; ,,, accounts for the variable cost.
Both components are assumed to be paid throughout the
construction period dur;. The CAPEX associated with the

SMR and TES units are added separately.
dur(j)—1

Aj,yr+hYyr+h
CAPEX,, = E ( z ZLyrtnzor
yr
jeJ\(SMR,TES}  h=0 dur(j)

dur(j)-1
+ M% 5j,yr+h QEj,yr+h
= dur(j)
+ CAPEXrgg,, Yyr € YR

) + CAPEX gz yr

(44)
The first objective minimizes the net present cost as
the decarbonization strategy, accounting for annual
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capital costs, operating costs, and revenues over the
planning horizon and appropriately discounting them, as
shown in equation (45).

. CAPEXy+ OPEXy, — Revenuegyr,
Z, =min}, Ris Bis T (45)
YreYR (1 + int)yr
The second objective minimizes the overall CO:
equations over the time horizon, as shown in equation
(46).

Zzz At -

z:yreYR
2dep Wd Lprenr 2 jemco,Fcosjnrayr  (46)

RESULTS

The results are presented as Pareto fronts (obtained
using e-constraint method) showing the trade-off be-
tween present cost and cumulative CO, emissions under
different policy and market scenarios. Data for the refin-
ery system follows Chattopadhyay et al. [1], and those for
the SMR have been obtained from Vanatta et al. [11]. We
used five years of hourly price data from the Houston hub
of the ERCOT electricity market [14]. Detailed assump-
tions on battery and hydrogen storage costs will be re-
ported in the full-length paper. Each point on the front
represents a non-dominated solution: cost cannot be re-
duced without increasing emissions, and emissions can-
not be reduced without raising costs. Comparing fronts
across (i) cases with and without carbon taxes, and (ii)
models with and without flexible operation and storage,
reveals economically attractive decarbonization path-
ways. Case (1) considers no operational flexibility and
uses average annual prices over a 19-year horizon. This
resulted in a MIQCP in Pyomo 6.6.1 comprising 4,674
constraints (1,881 equalities,) and 4,504 variables (1,539
binaries), which was solved with BARON 24.10.10, with a
MIP gap tolerance of 0.01%. In contrast, the case consid-
ering hourly varying electricity prices and the possibility
of installation of storage, modeled using three repre-
sentative days per year, resulted in a much larger MIQCP
with 303,222 constraints (119,833 equalities) and
251,598 variables (66,519 binaries), which was solved
with Gurobi 10.0.1 with a MIP gap tolerance of 0.01%.
Generation of the Pareto frontier, constructed from 20
discrete points, required 4.5 and 43.6 minutes of CPU
time for the inflexible and flexible cases, respectively.

Figure 3 compares case 1 and case 2 scenarios with
the benchmark frontiers previously reported in our work
[12], in which refinery decarbonization options did not in-
clude SMRs. Across the entire emissions range, the inclu-
sion of the possibility of installing SMRs reduces the
overall retrofitting costs, pushing the Pareto front down-
ward. The possibility of flexible operations further re-
duces costs. The leftmost point on the Pareto frontier
yielding minimum emissions has also moved leftward,

Khatu et al. / LAPSE:2026.0245

due to a reduced value of minimum attainable feasible
scope 1and 2 emissions. Overall, CO2 taxes raise retrofit-
ting costs across scenarios, and the non-dominated so-
lutions are compressed towards lower emission values.
Beyond a certain threshold, increasing the € value no
longer increases CO, emissions, as the e-constraint be-
comes inactive. Staying below the allowed € limit is finan-
cially beneficial due to carbon tax penalties for exceeding
it.
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Fig. 3: Comparison of Pareto fronts obtained under all
cases. Previous results correspond to those reported in
[12].

Case (1): Inflexible operations assuming
average annual electricity Prices (No
Storage)

Fig. 4 shows the solutions obtained for points (A)
and (B) labeled in Fig. 3. When considering average an-
nual electricity prices without CO, taxes, the lowest-cost
solutions on the rightmost part of the frontier rely on con-
ventional operations during the initial years. In this period,
hydrogen is supplied entirely by the steam methane re-
former; no carbon capture units are installed, and high-
pressure steam (HPS) is primarily produced by the natu-
ral gas boiler. The SMR mainly functions as a power unit,
with electricity sales at 0.8x the purchasing price gener-
ating revenue to offset installation costs. In the later
years, as natural gas prices are expected to rise, SMRs
are partially used for HPS generation. Moving left along
the frontier as the e-constraint is tightened, HPS produc-
tion increasingly comes from the heat generated by
SMRs earlier, while hydrogen continues to be produced
via reforming, and electrolyzers remain unused. Both pre-
combustion and post-combustion carbon capture units
are installed: post-combustion units treat dilute flue gas
streams, whereas pre-combustion capture is applied to
the higher-concentration reformer gas.

Under carbon taxes implemented at rates, the same
as those discussed in Chattopadhyay et al [1], capture is
implemented earlier as compared to the high emission
solution in the case without taxes, and HPS generation is
from SMR-generated heat earlier in the planning horizon
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Fig. 5: Solutions obtained for case (1) with CO2 taxes
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Fig 6: Non-dominated solutions under flexible operations; no carbon taxes

even for the rightmost point in the Pareto front (labeled
as Cin the fig. 3), as shown in Fig. 5. As we move leftward
along the Pareto front, solutions involve earlier
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incorporation of pre and post combustion capture, as
shown by the solution at point D in fig. 5.
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Case 2: Hourly Prices, Storage, and Flexible
Operation

Case 2 considers hourly variations in electricity pric-
ing and the option for enhanced flexibility with the possi-
bility of installation of TES, battery, and hydrogen stor-
age. Figure 6 shows that as the model exploits temporal
price variation: hydrogen is still produced mainly by the
steam methane reformer, while HPS is supplied by a mix
of natural gas boiler, SMR, and e-boiler. E-boiler is cho-
sen in this case, since flexible operation allows electricity
to be bought from the grid when cheap for HPS genera-
tion. As emissions constraints tighten along the front, e-
boiler usage is reduced to limit grid-related emissions,
and SMR-generated heat and natural gas boiler in con-
junction with capture units, are the main sources for HPS
generation.

Figure 7 (a) shows investment decisions for a repre-
sentative low-cost solution labeled as G in Fig. 3 when
considering the possibility of flexible operations in the
absence of carbon taxes. The SMR units are built by year
2, iPWR reactors are chosen; e-boiler units are installed
from year 10, with expansions until year 13, pre-combus-
tion capture capacity is installed by year 6, and post-
combustion capture capacity is installed by year 12. TES
capacity is installed starting from year 2, with capacity
expansions until year 18. In contrast, no battery or hydro-
gen storage capacity is installed: under the assumed
price profiles, price variations leveraged by these do not
add enough value to justify their investment costs. Fig.
7b (hourly profiles, year 3, representative day 3)
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illustrates how the SMR, NG boiler, and e-boiler contrib-
ute towards steam generation. When electricity prices
are low, SMR output is allocated more toward steam pro-
duction; as prices rise, the NG boiler increasingly takes
care of the steam load so that the SMR can be used for
electricity generation and sales. The electricity-sales
profile shown in fig. 7c (hourly profiles, year 3, repre-
sentative day 1) also follows the price curve while re-
specting maximum ramp-up/ down rates: more electricity
is sold during high-price hours. Finally, Fig. 7d (hourly
profiles, year 7, representative day 2) shows the evolving
state of charge for the TES unit. The profile roughly fol-
lows the electricity price signals, but at a time lead, which
enables the TES unit to charge during the low-price du-
rations while allowing the system to use heat generated
from the discharge of TES during high price durations.

CONCLUSIONS

This work developed a multi-period superstructure
optimization framework to evaluate the economic and
environmental feasibility of integrating SMRs into an ex-
isting refinery for cogeneration of heat and electricity.
Across all scenarios, the inclusion of SMRs as a decar-
bonization option lowers costs at comparable emissions
or deeper emissions reductions at similar cost. They are
predominantly deployed for high-pressure steam gener-
ation, reflecting the efficiency of direct nuclear heat utili-
zation. Carbon taxes accelerate the adoption of SMRs
and carbon capture units.

Flexible operation consistently reduces system
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costs at comparable emissions levels, with TES emerging
as a key enabler for leveraging the price variability,
whereas battery and hydrogen storage are not selected
under the assumed conditions. Despite the significant in-
crease in model size, large-scale MIQCPs were solved to
satisfactory convergence, demonstrating the tractability
of the proposed approach. Overall, the results suggest
that SMRs, particularly when paired with flexible opera-
tion and thermal storage, offer a cost-effective pathway
for deep refinery decarbonization under a range of policy
conditions.

NOMENCLATURE

Table 2: Abbreviations used in the text

SMR Small Modular Reactor
TES Thermal Energy Storage

iPWR Integrated Pressurized Water Reactor
HTGR High Temperature Gas-Cooled Reactor
MSR Molten Salt Reactor
NG Natural Gas
MIQCP Multi-Integer Quadratically Constrained
Problem
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