
Supporting Information

Spatio-temporal Framework for Energy Systems Network Design

Phuc M. Trana,b, Lydia Priceb,c, Bruno Bassob,c, and Christos T. Maraveliasa,b,d*

aDepartment of Chemical and Biological Engineering, Princeton University, Princeton, NJ
08540, United States of America

bDOE Great Lakes Bioenergy Research Center, Madison, WI 35703, United States of
America

cDepartment of Geological Sciences and W. K. Kellogg Biological Station, Michigan State
University, East Lansing, MI 48823, United States of America

dAndlinger Center for Energy and the Environment, Princeton University, Princeton, NJ
08540, United States of America

*Address correspondence to Christos T. Maravelias: maravelias@princeton.edu

1



S.1 Model Nomenclature

Throughout this paper, the notation is standardized as follows: lowercase and uppercase Greek letters for
parameters, uppercase italic Latin letters for variables, lowercase italic Latin letters for indices, and uppercase
bold Latin letters for sets. The time horizon is discretized into time periods indexed by t ∈ T, with | T | +1
corresponding time points. Each time period t is defined as the interval between time points t− 1 and t. As
a result, decisions made at time point t− 1 directly influence the variables and outcomes within time period
t.

The full model nomenclature and formulation has been previously developed for a static model by Tran
et al. [1]. In this work, the model is extended for a spatio-temporal setting by the addition of the time index
t ∈ T to the parameters and variables. The additional constraints for capacity establishment and expansion
have been provided in the main text. Here, we will only provide the nomenclature and constraints relevant
to this work.

S.1.1 Sets

f ∈ F Fields

i ∈ I Compounds

j ∈ J Harvesting sites

k ∈ K Potential preprocessing depot

l ∈ L Potential biorefineries

q ∈ Q Transportation modes

m ∈ M Technologies

t ∈ T Time periods

r ∈ R Discretization points for piecewise linearization

a ∈ A Arcs between fields f , depots k, and biorefineries l, using transportation mode
q

b ∈ B Arcs between harvesting sites j, depots k, and biorefineries l, using transporta-
tion mode q

g ∈ G ⊂ FxJxT Set of fields f and corresponding harvesting sites j containing them during time
period t

S.1.2 Subsets

IF ⊂ I Feedstock (biomass)

IID ⊂ I Pretreated intermediates at depots

IPBC ⊂ I Products, byproducts, and CO2 captured at refineries

IP ⊂ IPBC Products at refineries

IB ⊂ IPBC Byproducts at refineries (electricity)

IC ⊂ IPBC CO2 captured at refineries

Gj,t ⊂ G All fields contained within a harvesting site j during time period t
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MPD ⊂ M Pretreatment depot technologies

MCB ⊂ M Conversion biorefinery technologies

Gj,t ⊂ G All fields contained within a harvesting site j during time period t

AF→K
f ⊂ FxKxQ Outgoing arcs from field f to depots, using transportation mode q

AF→L
f ⊂ FxLxQ Outgoing arcs from field f to biorefineries, using transportation mode q

AF→K
k ⊂ FxKxQ Incoming arcs to depot k from fields, using transportation mode q

AK→L
k ⊂ KxLxQ Outgoing arcs from depot k to biorefineries, using transportation mode q

AK→L
l ⊂ KxLxQ Incoming arcs to biorefinery l from depots, using transportation mode q

BJ→K
j ⊂ JxKxQ Outgoing arcs from harvesting site j to depots, using transportation mode q

BJ→L
j ⊂ JxLxQ Outgoing arcs from harvesting site j to biorefineries, using transportation mode

q

BJ→K
k ⊂ JxKxQ Incoming arcs to depot k from harvesting sites, using transportation mode q

S.1.3 Parameters

αi,f,t Productivity of i ∈ IF at field f during time period t (Mg/ha)

ᾱi,j,t Average productivity of i ∈ IF at harvesting site j during time period t (Mg/ha)

δLm/δ
U
m Lower/Upper bound on capacity expansion for technology m (Mg/Year)

ϵLm/ϵ
U
m Lower/Upper bound on capacity for technology m (Mg/Year)

ηi,i′,m Conversion coefficient of compound i to i′ using technology m
(Mg/Mg)/(Gallon/Mg)/(kWh/Mg)/(MgCO2e/Mg)

ιi,f,t Maximum area available for i ∈ IF at field f during time period t (ha)

ῑi,j,t Maximum area available for i ∈ IF at harvesting site j during time period t
(ha)

υSOC
i,f,t Soil-organic carbon (SOC) sequestration potential from growing i ∈ IF at field

f during time period t (MgCO2e/ha)

ϕi,j,t,r Discretized area for biomass procurement i ∈ IF from the composite curve of
harvesting site j, during time period t (ha)

χi,j,t,r Discretized SOC sequestration of biomass i ∈ IF from the composite curve of
harvesting site j, during time period t (MgCO2e)

S.1.4 Binary Variables

Xk,m,t = 1 if depot k with technology m ∈ MPD is established at time point t− 1

Xl,m,t = 1 if refinery l with technology m ∈ MCB is established at time point t− 1

Yk,m,t = 1 if depot k with technology m ∈ MPD undergoes a capacity expansion at
time point t− 1

Yl,m,t = 1 if refinery l with technology m ∈ MCB undergoes a capacity expansion at
time point t− 1
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SOS2 Variables

Uj,t,r for PWL of (SOC) sequestration and area at harvesting site j during time
period t

S.1.5 Positive Variables

GF−CB
i,l,m,t Consumption of i ∈ IF by conversion technology m at biorefinery l during time

period t (Mg)

GID−CB
i,l,m,t Consumption of i ∈ by conversion technology m MCB at biorefinery l during

time period t (Mg)

Hi,f,t/H̄i,j,t Procurement of i ∈ IF at field f/harvesting site j during time period t (Mg)

Mi,f,k,q,t/Mi,f,l,q,t Amount of compound i transported from f→k/f→l, using transportation mode
q during time period t (Mg)

Ni,f,t/N̄i,j,t Area dedicated to i ∈ IF growth at field f/harvesting site j during time period
t (ha)

Qk,m,t/Ql,m,t Capacity of technology m at pre-processing depot k/biorefinery l during time
period t (Mg/Year)

QEk,m,t/QEl,m,t Capacity expansion of technology m at pre-processing depot k/biorefinery l
during time period t (Mg/Year)

S.1.6 Free Variables

JSOC
i,f,t /J̄

SOC
i,j,t Total SOC from i ∈ IF at field f/harvesting site j during time period t

(MgCO2e)

S.2 Model Formulation

In this section, we present the constraints relating to biomass procurement, transportation, and capacity.

S.2.1 Biomass Procurement

The amount of land dedicated for the growth of biomass type i, at field f , during period t, Ni,f,t, must not
exceed the maximum area available at that field, ιi,f,t:

Ni,f,t ≤ ιi,f,t ∀i ∈ IF, f, t (1)

The amount of biomass procured at field f , Hi,f,t, can then be determined using the biomass productivity
value, αi,f,t, of that field:

Hi,f,t = αi,fNi,f,t ∀i ∈ IF, f, t (2)

Similarly, the amount of SOC sequestered at field f , JSOC
i,f,t , can be determined using the SOC potential

value, υSOC
i,f,t , of that field:

JSOC
i,f,t = υSOC

i,f Ni,f,t ∀i ∈ IF, f, t (3)
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S.2.2 Transportation and Material Balance

All biomass procured at fields during time period t must be shipped to dedicated facilities in the same period:

Hi,f,t =
∑

(k,q)∈AF→K
f

Mi,f,k,q,t +
∑

(l,q)∈AF→L
f

Mi,f,l,q,t ∀i ∈ IF, f, t (4)

where Mi,f,k,q,t and Mi,f,l,q,t are the amounts of biomass being transported from field f to depot k/refinery
l, using transportation mode q, during time period t. The sets AF→K

f /AF→L
f contain the outgoing arcs from

field f to depots/refineries using transportation mode q. We do not consider inventory in this model (which
can be easily reversed by implementing inventory variables), meaning that any biomass shipped from field
to dedicated facilities is consumed for production:∑

(f,q)∈AF→K
k

Mi,f,k,q,t =
∑

m∈MPD

GF−PD
i,k,m,t ∀i ∈ IF, k, t (5)

∑
(f,q)∈AF→L

l

Mi,f,l,q,t =
∑

m∈MCB

GF−CB
i,l,m,t ∀i ∈ IF, l, t (6)

whereAF→K
k /AF→L

l are the sets of incoming arcs to depot k/refinery l from fields, using transportation mode
q. All intermediates produced at depot k are shipped to biorefineries and utilized for biofuels production:∑

m∈MPD

P ID−PD
i,k,m,t =

∑
(l,q)∈AK→L

k

Fi,k,l,q,t ∀i ∈ IID, k, t (7)

∑
(k,q)∈AK→L

l

Fi,k,l,q,t =
∑

m∈MCB

GID−CB
i,l,m,t ∀i ∈ IID, l, t (8)

When a compound i is consumed by technology m, it is converted to compound i’, based on that technology’s
conversion efficiency, ηi,i′,m. The following equations define the material balance constraints at dedicated
facilities:

P ID−PD
i′,k,m,t =

∑
i∈IF

ηi,i′,mG
F−PD
i,k,m,t ∀i′ ∈ IID, k,m ∈ MPD, t (9)

PPBC−CB
i′,l,m,t =

∑
i∈IF

ηi,i′,mG
F−CB
i,l,m,t +

∑
i∈IID

ηi,i′,mG
ID−CB
i,l,m,t ∀i′ ∈ IPBC, l,m ∈ MCB, t (10)

where GF−PD
i,k,m,t is the consumption of biomass by a depot using a pre-processing technology; GF−CB

i,l,m,t and

GID−CB
i,l,m,t are the consumptions of biomass and intermediates, respectively, by a biorefinery using a conversion

technology; P ID−PD
i,k,m,t denotes the production of intermediates at the depot; PPBC−CB

i,l,m,t is the production of
biofuels, byproducts, and CO2 at the refinery. Lastly, Equation 11 ensures that the total fuel production of
the network meets a minimum demand for every period:

βL
t ≤ ζi

∑
i∈IP,l,m∈MCB

PPBC−CB
i,l,m,t ≤ βU

t ∀t (11)

S.2.3 Capacity Constraints

The material consumption at depot k/refinery l has to be less than the capacity available at that facility:∑
i∈IF

GF−CB
i,k,m,t ≤ Qk,m,t ∀k,m ∈ M, t (12)

∑
i∈IF

GF−CB
i,l,m,t +

∑
i∈IID

GID−CB,t
i,l,m ≤ Ql,m,t ∀l,m ∈ M, t (13)
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where Qk,m,t/Ql,m,t denote the capacity levels of technology m at depot k/refinery l during time period t.
As previously mentioned, capacity establishment and expansion can be modeled in various ways. Users

may select among the following three formulations, presented in the main text, depending on the desired level
of detail and computational performance. Irrespective of the chosen formulation, the remaining constraints
in the model remain unchanged.

S.2.4 Composite Curves

To effectively determine an appropriate metric for ranking fields, we systematically evaluate how procurement
from each field contributes to the overall objective function. We define this contribution to the objective
function as “procurement cost,” CPRO

i,f,t , which is a combination of feedstock procurement cost and environ-

mental cost of procurement-related emissions. The derivation of CPRO
i,f,t is based on the previous work of Tran

et al. [1] and is extended here to include time indexing for all relevant parameters and variables. Composite
curves are then constructed based on this ranking for each HS, during every time period:

N̄i,j,t =
∑

f∈Gj,t

ιi,f,t ∀i ∈ IF, j, t (14)

H̄i,j,t =
∑

f∈Gj,t

αi,f,tιi,f,t ∀i ∈ IF, j, t (15)

J̄SOC
i,j,t =

∑
f∈Gj,t

υSOC
i,f,t αi,f,t ∀i ∈ IF, j, t (16)

where N̄i,j,t, H̄i,j,t, and J̄
SOC
i,j,t denote the total area, total procurement, and total SOC sequestration from

biomass i at HS j, during time period t. These composite curves capture the selection pattern inherent
in field-level optimization, which naturally favors the most advantageous fields with respect to the overall
objective function.

Figure S1: Example demonstrating the construction of composite curves for Ringgold County, IA. a) The
prop erties of fields in the HS. Negative SOC potentials indicate emission. b) Composite curves for the
HS, relating biomass procurement and SOC sequestration to land utilization. The objective function is to
minimize total network cost, with ωSCC = $25/MgCO2 .

Figure S1 illustrates the construction of composite curves, using Ringgold County in Iowa as the HS. The
HS contains fields with varying properties (See Figure S1a). Fields are ranked based on the ranking metric
determined by the previous work of Tran et al. [1]. This order leads to the composite curves in Figure S1b.
Initially, the SOC sequestration versus land use curve (N̄ − J̄SOC) displays a sharp decline on the left y-axis,
showing a rise in net carbon emission due to the prioritization of carbon emitting fields, which are also
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highly productive (shown in Figure S1a). As fields with better SOC potentials are selected, the curve shifts
upward, indicating net carbon sequestration. Notably, the emission penalty of $25/MgCO2 is insufficient to
prioritize carbon-sequestering fields. Although the biomass procurement versus land use curve (N̄ − H̄) is
linear, the N̄ − J̄SOC curve exhibits nonlinear behavior. This necessitates the use of PWL to approximate
them while preserving model linearity.

We develop a PWL algorithm to approximate non-linear composite curves, specifically N̄ −JSOC curves.
The algorithm iteratively partitions each curve into connected linear segments, subject to a prescribed
tolerance R2*. For implementation, we employ the Piecewise Linear Fit (pwlf) Python library, which
determines segment breakpoints by solving a global optimization problem that minimizes the sum of squared
errors.

For each field f in the HS, we obtain a data point that defines the curve, which serves as input to the
algorithm. The pwlf function requires the number of linear segments as an input parameter. Accordingly, the
procedure begins with a baseline of one segment (iter = 1). At each iteration, the coefficient of determination
(R2) is calculated and compared to the specified tolerance. If the tolerance is not satisfied, the number of
segments is incremented, and the process is repeated until either the tolerance is achieved or the maximum
number of iterations is reached.

Figure S2: Scheme of automated algorithm for the piecewise linearization of composite curves.

To control computational complexity, we impose an upper bound of seven iterations (or linear segments),
which limits the number of SOS2 variables introduced into the model.

We now present constraints required to employ composite curves in our model. The PWL of N̄ − JSOC

curves is represented using r ∈ R discretization points in the curves. The process of selecting the appropriate
discretization points for each curve is presented in detail in the Supporting Information. Equation 17
expresses that the land used for growing i ∈ IF in HS j during period t has to be less than or equal to the
maximum available land in the HS:

N̄i,j,t ≤ ῑi,j,t ∀i ∈ IF, j, t (17)

Then, Equation 18 determines the biomass procurement in each HS based on an average productivity ᾱi,j ,
due to the linear shape of the H̄ − JSOC curves:

H̄i,j,t = ᾱi,j,tN̄i,j,t ∀i ∈ IF, j, t (18)

The total SOC sequestration from biomass growth can be determined based on the N̄ − JSOC composite
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curve of each HS. The PWL of composite curves is represented by Equations 19, 20, and 21:∑
r

Uj,r,t = 1 ∀j, t (19)

where Uj,r,t are the SOS2 variables, where at most two variables may be nonzero and they must be adjacent,
subjected to:∑

r

Uj,r,tϕi,j,r,t = N̄i,f,t ∀i ∈ IF, j, t (20)

Finally, the total SOC sequestration in each HS is calculated as follows:∑
r

Uj,r,tχi,j,r,t = J̄SOC
i,f,t ∀i ∈ IF, j, t (21)

where ϕi,j,r,t and χi,j,r,t are the discretized area and SOC sequestration from biomass at an HS j, during
time period t, determined by the PWL of the N̄ − J̄SOC curves.
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S.3 Model Parameters

In this section, we present all parameters relevant to the study. Although depots are not considered in the
analysis, we also include parameters associated with depot activities for completeness.

S.3.1 Supplementary Tables

All monetary values are given in 2016 dollars

Table S1: Abbreviations.

Abbreviation Meaning

SG Switchgrass
SGP SG Pellet
CC Captured Carbon (from CCS Technology)
DD Drying and Densification (Depot Technology)

ELEC Electricity
P Biofuels Product (GGE)
TR Truck Transportation
RL Rail Transportation

Table S2: Technologies studied and their abbreviations.

Abbreviations Technologies CCS Options

E0 Fermentation None
E1 Fermentation From fermentation
E2 Fermentation From fermentation and biogas
E3 Fermentation From fermentation, biogas, and flue gas

PPR0 Pyrolysis with H2 production None
PPR1 Pyrolysis with H2 production From flue gas
PPU0 Pyrolysis with H2 purchase None
PPU1 Pyrolysis with H2 purchase From flue gas
G0 Gasification None
G1 Gasification From syngas
G2 Gasification From syngas and flue gas

The liquid fuel conversion technologies and associated CCS options are selected based on their technolog-
ical readiness for commercial-scale deployment. We are considering three main conversion technologies and
their counterparts with CCS, as shown in Table S2. Each of these technologies produces a number of distinct
CO2 streams, so there are many ways CCS can be incorporated into the system. All relevant parameters
are referenced from the National Renewable Energy Laboratory (NREL) reports [2].

Table S3: Compound specific parameters.

Compound
i ∈ I

Truck Transportation Rail Transportation

Fixed
κFi,q,t
($/Mg)

Variable
κVi,q,t
($/Mg.km)

GHG υTRA
i,q,t

(kgCO2/Mg.km)
Fixed
($/Mg)

Variable
($/Mg.km)

GHG
(kgCO2/Mg.km)

SG 5.50 0.25 0.20 - - -
SGP 3.00 0.08 0.15 16.3 0.03 0.02
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Table S4: Feedstock establishment and harvestment parameters.

Compound

i ∈ IF
Feedstock

Price λFEED
i,t

($/Mg)

Management

Cost λMAN
i,t

($/ha)

GHG Emissions
from Land Use
υMAN
i,t (kgCO2e/ha)

GHG Emissions from

Harvesting υHARV
i,t

(kgCO2e/Mg)
SG 37.4 220.5 140.9 4.8

Table S5: Conversion rates for technologies [2]. Negative conversion values indicate consumption.

Compound Technology
m ∈ M

Conversion ηi,i′,m (Gallon/Mg), (Mg/Mg),
(kgCO2/Mg), (kWh/Mg)

Input i Output i′

SG SGP DD 0.99
SG ELEC DD -140.0
SG/SGP P E0 58.0
SG/SGP ELEC E0 188.0
SG/SGP CC E0 0.0
SG/SGP P E1 58.0
SG/SGP ELEC E1 152.0
SG/SGP CC E1 473.0
SG/SGP P E2 58.0
SG/SGP ELEC E2 107.0.0
SG/SGP CC E2 646.0
SG/SGP P E3 58.0
SG/SGP ELEC E3 -226.0
SG/SGP CC E3 1120.0
SG/SGP P PPR0 53.6
SG/SGP ELEC PPR0 385.0
SG/SGP CC PPR0 0.0
SG/SGP P PPR1 53.6
SG/SGP ELEC PPR1 -126.0
SG/SGP CC PPR1 984.0
SG/SGP P PPU0 85.3
SG/SGP ELEC PPU0 256.0
SG/SGP CC PPU0 0.0
SG/SGP P PPU1 85.3
SG/SGP ELEC PPU1 -141.0
SG/SGP CC PPU1 984.0
SG/SGP P G0 67.1
SG/SGP ELEC G0 103.0
SG/SGP CC G0 0.0
SG/SGP P G1 67.1
SG/SGP ELEC G1 67.0
SG/SGP CC G1 854.0
SG/SGP P G2 67.1
SG/SGP ELEC G2 -8.0
SG/SGP CC G2 990.0
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Table S6: Production costs and emissions of technologies. For technologies with CCS, this emission is
separate from the carbon captured an sequestered.

Technology
m ∈ M

Operating Cost µm,t

($/Mg)
GHG Emissions υPRD

i,m,t

(kgCO2/Mg Biomass)
DD 23.00 16.9
E0 53.59 161.00
E1 55.35 161.00
E2 55.94 161.00
E3 58.00 161.00

PPRO 9.99 21.30
PPR1 13.71 21.30
PPUO 50.93 258.0
PPU1 56.12 258.0
G0 29.29 9.1
G1 30.95 9.1
G2 31.44 9.1
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Table S7: Baseline capital costs and scaling factors for technologies. All costs are in 2016 USD.

Technology
m ∈ M

Baseline
Capital Cost
φm (106)

Baseline
Capacity σm
(103 Mg/Year)

Scaling
Factor
ψm

Fixed Cost

θFm
(106$)

Variable Cost

θVm
(103$/Mg/year)

DD 3.29 68 0.6 1.251 28.37
E0 474 680 0.78 153.00 481.18
E1 499 680 0.78 160.95 506.28
E2 528 680 0.78 170.15 535.3
E3 576 680 0.78 185.73 583.32

PPRO 547 680 0.81 159.00 581.81
PPR1 640 680 0.81 160.93 685.23
PPUO 414 680 0.81 117.03 443.02
PPU1 462 680 0.81 130.60 494.40
G0 641 680 0.74 239.18 603.47
G1 686 680 0.74 255.91 645.70
G2 726 680 0.74 270.70 683.00
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S.3.2 Visualizations of Spatially Explicit Parameters

All spatial visualizations are created using of QGIS 3.32.0.

S.3.2.1 Biomass Field Distribution

The biomass productivity (Mg/ha) and SOC potential (MgCO2e/ha) of fields are unevenly distributed across
the U.S. Midwest because of local fluctuations in soil properties and weather patterns [3].

Figure S3: The distribution of potential biomass fields weighted by their biomass productivity (Mg/ha)

Figure S4: The distribution of potential biomass fields weighted by their SOC potentials (MgCO2/ha)
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S.3.2.2 Potential Facilities

Figure S5: Potential biorefinery locations

The model considers 30 potential biorefinery locations from the EPA Re-Powering dataset. Potential
refineries must have access to rail and road transportation within 5km, and must have enough potential
biomass within a 300km radius to facilitate a minimum operating capacity of 2000 Mg/day. During the
screening process, sites within 5km of each other are treated as a single potential facility with location being
the average of all the sites.
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S.3.2.3 Electricity Cost and Carbon Footprint

Electricity costs and carbon footprints are state-dependent

Figure S6: Price of electricity by state

Figure S7: Carbon footprint of electricity by state
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S.3.2.4 Temporal Demand Profile

Figure S8: a) Projections of biofuels consumption from 2025 to 2050 [4]. b) Biofuels demand for the spatio-
temporal network design problem for Iowa, scaled to the ”High Economic Growth scenario.”

We incorporate projections from the Annual Energy Outlook 2025, published by the U.S. Energy In-
formation Administration (EIA). The report outlines domestic biofuels consumption trends from 2025 to
2050 under various market conditions (displayed in Figure S8a) [4]. The “High Economic Growth” scenario,
which anticipates an approximately 19% increase in biofuel demand over the next 25 years, is adopted.
This scenario is selected due to its relatively steep growth trajectory, allowing us to test the responsiveness
and adaptability of the temporal model under rapidly increasing demand. Flatter demand scenarios would
yield minimal variation in the network configurations over time, offering limited insights into the benefits of
modeling capacity establishment and expansion.
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