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The concepts of the biorefinery and microgrid have emerged as ways to increase the sustainability of the
energy infrastructure. Although typically considered as separate systems, synergies exist between the
biorefinery and the microgrid, suggesting that a combined system could be more efficient than the in-
dividual systems. This paper explores this hypothesis by comparing the optimal designs and costs of the
individual, and the combined biorefinery and microgrid systems. A novel design optimization problem
considering synergistic operation of the biorefinery and microgrid is presented. A solution method to this
problem is developed that exploits the separable nature of the optimization of such a ”system of sys-
tems.” Base case results show that the combined system costs are higher than those of the individual
systems. However, by implementing a hydrogen recycle, significant savings are seen in the combined
system, highlighting a direct advantage of system synergy. The effects of energy autonomy on the system
are also analyzed and discussed. The overall analysis shows that the synergies between the biorefinery
and microgrid can be exploited to create an energy system that is less costly and more efficient than the
sum of its constituent parts.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The current energy landscape is evolving due to concerns about
anthropogenic climate change, sustainability, cybersecurity, and
aging infrastructure. As this change occurs it is essential to develop
new systems that promote the usage of local renewable resources,
protect users against major outages in energy supply, and respond
to local energy demands. Distributed renewable fuel and power
systems offer many potential advantages to this end [1e3]. Such
systems can be placed close to end users and operate with minimal
demand from the centralized energy infrastructure.

Individually, renewable power and fuel systems have been
extensively researched in the context of the microgrid and the
biorefinery, respectively. The microgrid is a small scale power
system that allows for high penetration of renewable resources and
dispatchable fossil fuel power generators. Such a system is partic-
ularly useful for primary power of islands and rural areas, or as
backup power for critical infrastructure in larger communities.
Various studies exist that have explored the problem of microgrid
.
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optimal design. The optimal design of wind and solar power gen-
eration system with hydrogen storage is examined in Ref. [4]. Ref.
[5] performs a multi-objective optimization for the design of an
isolated power system utilizing wind, solar, hydrogen, diesel, and
batteries. The effects of using a diesel microturbine combined with
renewables, as well as the effect of grid-connection, is analyzed in
Ref. [6]. Ref. [7] examines more closely the effect of location on
microgrid optimal design. The polygeneration of power and
chemicals has also been studied, mainly in the context of methanol
production in conjunctionwith gasification of coal or biomass [8,9].
Missing in the literature are studies that model an entire renewable
microgrid operating in synergy with a large-scale fuel production
plant, such as a biorefinery, so as to meet the entire energy needs of
a community.

The biorefinery exists as a parallel to oil refineries, producing
essential fuels and chemicals using a biomass, rather than crude oil,
feedstock. Biorefineries are poised to play an increasingly impor-
tant role in the chemical infrastructure as technology improves and
sustainability concerns become more important. Various studies
have also explored optimal design of biorefineries. Ref. [10] uses
superstructure based optimization to analyze the tradeoffs be-
tween the production of fuels and commodity chemicals in a bio-
refinery. Refs. [11] and [12] perform an in-depth modeling and
sign of synergistic distributed renewable fuel and power systems,
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Nomenclature

Sets
a2{1,…,4} Atoms
f2{1,…,4} Feedstocks
i2{1,…,I} Mass streams
j2{1,…,J} Energy streams
k2{1,…,23} Mass components
r2{1,…,10} Reactors
u2{1,…,U} Microgrid Units
t2{1,…,8760} Hours in a year

Variables
aa,i Mass fraction of atom a in stream i
_ej;t Energy flowrate for stream j at time t
ff Fraction of feed with feedstock f
F Fuel shared from biorefinery to microgrid
ht mount of hydrogen stored at time t
H Hydrogen shared from microgrid to biorefinery
la,r Lagrangemultipliers in equilibrium reactor r for atom a
_mi Mass flowrate for stream i
qr Heat requirements for reactor r
qi Preheat requirements for stream i
Q Heat shared from microgrid to biorefinery
Vt Fuel stored at time t
xi,k Mass fraction of component k in stream i
yu,t Binary variable representing on/off state of unit u at

time t
zu Microgrid unit capacities

Parameters
aa,k Atomic fraction of atom a in component k
gr Capacity exponent for reactor r
df Fuel demand
dh,t Heat demand at time t
dp,t Fuel demand at time
DHf,k Specific heat of formation of component k
hu Efficiency of unit u
zf Cost of feedstock f
zfuel Cost of fuel
zh Cost of heat
zH2

Cost of hydrogen
zu Relative operating cost of unit u
Q Scaled number of years for NPV formulation
xr Reference capital cost of reactor r
xu Relative capital cost of unit u
r Fraction of hydrogen recycled
ff,k Fraction of component k in feedstock f
cr Reference capacity of reactor r
jk,r Yield of component k in reactor r
u Fraction of autonomy of system
A,B,C,D,E Heat capacity equation coefficients
cp,k Heat capacity of component k
Et Solar irradiance at time t
M Big-M formulation upper bound
Tr Operating temperature of a reactor r
vt Wind speed at time t
vci Wind turbine cut-in speed
vco Wind turbine cut-out speed
vr Wind turbine rated speed

Fig. 1. High-level depiction of proposed system of systems, highlighting synergies with
red arrows. (For interpretation of the references to color in this figure legend, the

A. Allman, P. Daoutidis / Renewable Energy xxx (2016) 1e122
optimization study to find the optimal design of a biomass to liquid
fuels plant. Ref. [13] used an automated targeting approach to
identify biorefinery pathways to maximize revenue. In Ref. [14],
tree graphs are used in a ”forwardebackward” approach to match
biomass feedstocks and products with conversion technologies.
Ref. [15] performs a superstructure optimization under both eco-
nomic and environmental objective considerations for a
gasification-based biorefinery.

While both the biorefinery and the microgrid help to promote
renewable energy sources, these systems by themselves cannot
operate without reliance on the centralized infrastructure. Micro-
grids typically rely on an externally obtained fuel or connection to
the macrogrid when renewables are not readily available, while
biorefineries require utilities for the chemical processes to run. As
such, these systems cannot be truly resilient to potential issues in
the centralized infrastructure. However, when considered together,
the two systems each have outputs that satisfy the needs of the
other as shown in Fig. 1. By taking advantage of these synergies, it is
hypothesized that a combined biorefinery and microgrid system
canmeet local energy demands at lower cost and with less demand
on the centralized infrastructure than the systems can individually.

This paper presents a first of its kind design optimization study
of a combined biorefinery and microgrid system. The objective of
the paper is to compare the costs and designs of a combined system
to those of the individually optimized systems. Section 2 presents
the mathematical models for the individual and combined systems.
Section 3 presents the results of solving these optimization models
and discussion of a case study of the proposed system using data
from Minneapolis, MN. Cases where hydrogen is recycled within
the biorefinery and where the autonomy of the energy system is
Please cite this article in press as: A. Allman, P. Daoutidis, Optimal de
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varied are analyzed and discussed in addition to the base case.
Lastly, section 4 presents some concluding remarks and discusses
future directions of this research.

2. Problem formulation

2.1. Biorefinery

The biorefinery superstructure utilizes many of the technologies
reader is referred to the web version of this article.)

sign of synergistic distributed renewable fuel and power systems,
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considered in Refs. [10] and [12], but considers only the production
of liquid fuels. Fig. 2 shows the superstructure with all considered
conversion technologies. The optimization program will decide
which technologies to use to meet fuel demand. The optimization
will also decide which biomass feedstock to use between switch-
grass, corn stover, wheat straw, and poplar wood chips. The
candidate feedstocks were chosen since they do not compete with
the food supply.

Biomass fed into the system can either be sent to a biofine
reactor or directly to a gasifier. The biofine process fractionates
lignocellulose via acid catalyzed hydrolysis and reactions that result
in cellulose conversion to levulinic acid (LA) and hemicellulose
conversion to furfural [16]. LA is converted to liquid fuel via a three
step process, first dehydrating LA to g-valerolactone (GVL), then
decarboxylating GVL to butene, and finally oligomerizing butene to
liquid hydrocarbons [17]. Furfural is converted to liquid fuel via a
two step process, first hydrogenating furfural to 2-methyl furan
(2MF) and lastly further hydrogenating MF to diesel-range hydro-
carbons [18]. The leftover lignin, char, and tars can be sent to a
gasifier for further processing or simply outputted as waste. Gasi-
fied biomass must be shifted to a proper hydrogen to carbon di-
oxidemolar ratio of 2 for further processing. This analysis considers
adding hydrogen rather than performing a water gas shift reaction,
since hydrogen could in theory be obtained from the microgrid
system when considering synergistic operation. This limits the
carbon dioxide emissions that would result from a traditional
wateregas shift reactor. Shifted syngas can be used to generate
gasoline-range hydrocarbons using either a FischereTropsch syn-
thesis or a methanol synthesis and upgrading pathway [12]. As a
first step, the model assumes perfect separations to separate
components after each reactor.

An optimization problem was formulated to decide how to best
design this biorefinery to meet fuel demand at minimal cost. A 20-
year net present value (NPV) cost is used, assuming a 7% discount
rate:

minimize
X
r

�
xr

�
_min

cr

�gr
�
þ 8760Q

0
@ _m1

X
f

zf ff

þ zH2

X
i2H2 feeds

_mi þ zh

 X
r

qr þ
X
i

qi

!1A (1)
Fig. 2. Superstructure consider
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In equation (1), capital costs are nonlinear due to economies of
scale in building chemical reactors. Hourly operating costs include
the costs of purchasing feedstock and utilities, and are multiplied
by the number of hours in a year and the scaled number of years
due to the NPV formulation. Costs of 7¢/kWh heat and $1/kg H2 are
assumed. Table 1 lists the parameters used for reactor capital cost
calculation. Costs from older references are adjusted for inflation
assuming 3% inflation per year.

The optimization is constrained such that a specified fuel de-
mand must be met:

X
i2fuel outputs

_mi ¼ df (2)

Additional constraints consist of mass and energy balances
throughout the system. In every reactor and at every split point the
total mass balance must hold:

X
i2inlets

_mi ¼
X

i2outlets

_mi (3)

Additionally, atomic mass balances hold at every reactor and
split point:

X
i2inlets

aa;i _mi ¼
X

i2outlets

aa;i _mi ca (4)

Atomic mass fractions are determined from component mass
fractions:

aa;i ¼
X
k

aa;kxi;k ca; i (5)

Carbon, oxygen, and hydrogen are considered as the key ele-
ments to keep track of. The remaining trace elements are lumped
into a generic ”ash” atom and are assumed not to react. Mass
fractions, both atomic, component, and feed, must add to one:

X
k

xi;k ¼ 1ci (6)

X
a

aa;i ¼ 1ci (7)
ed for biorefinery system.

sign of synergistic distributed renewable fuel and power systems,



Table 1
Reactor capital cost parameters for use in equation (1).

Reactor Reference Cost Reference Capacity Scaling Exponent Ref

Pretreatment $27.0 MM 83,333 kg/hr 0.67 [19]
Biofine $196.0 MM 41,667 kg/hr 0.6 [16]
Gasifier $170.4 MM 180,833 kg/hr 0.67 [11]
2MF þ Diesel Synthesis $65.0 MM 104,167 kg/hr 0.6 [20]
LA Reactor $5.8 MM 5140 kg/hr 0.6 [17]
Butene Synthesis $4.5 MM 3110 kg/hr 0.6 [17]
Oligomerizer $3.2 MM 1730 kg/hr 0.6 [17]
FeT Synthesis $765 MM 958,333 kg/hr 0.67 [21]
MeOH Synthesis $15.3 MM 129,167 kg/hr 0.6 [22]
MeOH Upgrader $21.6 MM 38,333 kg/hr 0.6 [22]

Table 3
Reactor yields for major products.

Reactor Key Input Output Yield Ref

Biofine Cellulose LA 50.0% [16]
Cellulose Formic acid 19.9% [16]
Cellulose Char 30.1% [16]
Hemicellulose Furfural 50.1% [16]
Hemicellulose Char 49.9% [16]

2MF Synthesis Furfural 2MF 74.3% [18]
Furfural Waste organics 12.7% [18]

Diesel Synthesis 2MF Diesel 75.0% [18]
2MF Light gas 1.95% [18]
2MF Middle hydrocarbons 1.76% [18]

LA LA GVL 61.7% [17]
Butene Synthesis GVL Butene 55.4% [17]
Oligomerizer Butene C8 29.7% [17]

Butene C12 25.7% [17]
Butene C16 24.8% [17]
Butene C20 18.8% [17]

FT Synthesis Carbon monoxide F-T gasoline 22.6% [24]
Carbon monoxide Light gas 11.3% [24]

MeOH Upgrading Methanol Gasoline 45.9% [22]
Methanol Light gases 5.6% [22]
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X
f

ff ¼ 1 (8)

Biomass initially consists of cellulose, hemicellulose, lignin, and
char at various compositions depending on the feedstock [23]. Data
for each feedstock considered is shown in Table 2. Initial mass
fractions are determined from the feedstocks chosen:

x1;k ¼
X
f

ff ;kff ck (9)

The majority of reactors in the system are modeled as yield-
based. This means that the mass flowrate of a component exiting
a reactor can be determined by the mass flowrate of a key
component entering the reactor:

xout;k _mout ¼ jr;kxin;key _min (10)

Table 3 displays the yields of the reactors in the system.
Hydrogen inputs required for certain reactors and outputs of
components such as carbon dioxide and water are determined
using stoichiometry.

For the gasifier and methanol synthesis reactors, using a simple
yield based reactor will not give accurate results. Instead, chemical
equilibrium is used to model each of these reactors. Chemical
equilibrium occurs when the Gibbs free energy (G) of a system is
minimized, which leads to the following optimization subproblem
[25]:

minimize G xout;k
� �

s:t:
P

i2inlets
aa;i _mi ¼

X
i2outlets

aa;i _mi ca (11)

Formulation [11], however, cannot be placed into the overall
optimization problem as written. To this end, the equilibrium
subproblem is reformulated using the Lagrangian (L ) formulation:
Table 2
Biomass data.

Feedstock % Cellulose % Hemicellulose % Lign

Corn Stover 36.20 23.23 18.50
Wheat Straw 33.47 23.20 17.28
Wood Chips 43.91 20.76 27.29
Switchgrass 31.39 24.72 18.00

Please cite this article in press as: A. Allman, P. Daoutidis, Optimal de
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L
�
xout;k; la;r

� ¼ G
�
xout;k

�þX
a

la;r

 X
i2inlets

aa;i _mi

�
X

i2outlets

aa;i _mi

!
(12)

VðL Þ ¼ 0 (13)

An advantage of using Gibbs free energy minimization to model
equilibrium is that individual equilibrium reactions need not be
specified, only species that will be present in the output at a non-
negligible amount. For the gasifier, these include CO, CO2, H2O,
H2, and char. For the methanol synthesis reactor, these include CO,
CO2, H2O, H2, and methanol.

Energy balances are required to keep track of heat requirements
through the system. It is necessary to consider reactor preheating
and heat management inside the reactor. For heat management in a
reactor, isothermal operation is assumed. It is also assumed that the
cost of cooling is negligible, such that only positive values of heat
in % C % H % O Cost (¢/kg)

47.04 5.47 36.51 5.0
43.88 5.26 39.85 5.0
49.37 5.75 42.31 5.5
47.27 5.31 41.05 6.6

sign of synergistic distributed renewable fuel and power systems,
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demand are recorded. As such, the heat demand is that which
maintains isothermal operation:

qr ¼ max

 
0;

X
i2outlets

X
k

xi;k _miDHf ;kðTrÞ �
X

i2inlets

�
X
k

xi;k _miDHf ;kðTrÞ
!

(14)

The heat of formation is a function of temperature and is
determined as follows:

DHf ;kðTrÞ ¼ DHf ;kð298KÞ þ
ZTr

298K

cp;kðTÞdT (15)

For solids and liquids, heat capacity is assumed to be constant
with respect to temperature. This is a poor assumption for gases,
whose heat capacity varies with temperature as follows:

cp;kðTÞ ¼ Aþ BT þ CT2 þ DT3 þ ET�2 (16)

Heats of formation at 298 K and parameters for equation (16) are
obtained using [26]. For energy required for preheating, it is
assumed that no temperature changes occur such that the reactor
temperatures can be used as the in and out temperatures of the
preheater:

qi ¼ max

0
B@0;

X
k

0
B@xi;k _mi

ZTout
Tin

cp;kðTÞdT

1
CA
1
CA (17)

Lastly, all variables are nonnegative quantities. Equations (1e17)
specify the optimization problem for the biorefinery. This problem
is a nonlinear program due to various bilinear terms and nonlinear
equilibrium and capital cost terms. It can be solved using the
BARON solver in GAMS, but good bounds are required to ensure
global optimality [27]. Bounds were determined by solving the
biorefinery mass balance at various extreme cases, for example
using only corn feedstock, directed through only gasification and
FischereTropsch synthesis, or using only grass feedstock directed
through the biofine pathway. This is implemented by fixing feed
fractions to 1 and flowrates to zero, allowing for the general mass
balances to hold without the introduction of integer variables,
which would increase the problem complexity. The final optimi-
zation problem consists of 702 variables and 243 equations.

2.2. Microgrid

The microgrid superstructure utilizes most of the technologies
used in Ref. [28]. However, a hydrogen system utilizing an elec-
trolyzer and fuel cell is used for energy storage instead of a battery,
in anticipation of hydrogen produced being used in the biorefinery.
Fig. 3 shows the microgrid superstructure with all considered en-
ergy technologies. The optimization program will decide the ca-
pacities of all units within themicrogrid, as well as operating points
for the electrolyzer, fuel cell, electric heater, and microturbines at
each time point.

An optimization problem was formulated to decide how best to
design this microgrid to meet heat and power demand at minimal
cost. Again, a 20-year NPV cost formulation at a 7% discount rate is
used to quantify cost. The objective function is thus as follows:

minimize
X
u

xuzu þQ

 X
t

 X
u

zu _ein;t þ zfuel _efuel;t

!!
(18)
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Cost data for microgrid units is shown in Table 4. It is assumed
that diesel fuel is used and purchased at $3/gal.

The first constraint for this problem is that heat and power
demand is met at each hour throughout the year:X
j2power out

_ej;t ¼ dp;t ct (19)

X
j2heat out

_ej;t � dh;t ct (20)

Data for heat demand, power demand, as well as solar irradiance
and wind speed is available at hourly time points throughout a
typical meteorological year for many locations [33]. Heat output is
allowed to exceed demand if necessary due to excess heat from
microturbines, with excess heat being applied to cooling water at
negligible cost. The optimization problem is further constrained by
various physical requirements. First, the energy balance must also
hold at all points where energy streams meet or split:X
j2inlets

_ej;t ¼
X

j2outlets

_ej;t ct (21)

Each microgrid unit takes in a certain type of energy or mass
flow and outputs a different kind of energy or mass flow. A ther-
modynamic efficiency is used for each unit:

_eout;t ¼ hu _ein;t cu; t (22)

Since hydrogen is the main energy storage in the microgrid
system, hydrogen flows from the electrolyzer and to the fuel cell are
considered to be energy flows for the sake of analysis. Table 5 lists
the efficiencies of the units in the microgrid. The wind turbine,
however, is not modeled using equation (22). To obtain a more
accurate description of wind power, the following equation is used:

_ewind;tðvtÞ ¼

8>>>><
>>>>:

0; vt � vci; vt � vco

zwind
v3t � v3ci
v3r � v3ci

; vci < vt � vr

zwind; vr < vt < vco

(23)

Solar data from Ref. [33] is given in irradiance. To convert this to
an energy flow, the data must be multiplied by the area of solar
panels:

_esun;t ¼ zsolarEt ct (24)

Fuel flow to the microturbine is tracked in terms of the higher
heating value (HHV) of the fuel. Output power from the micro-
turbine must be less than the microturbine rating:

_eMT power out;t � zMT ct (25)

Hydrogen is produced in the electrolyzer and sent to a storage
tank. Binary variables are used to keep track of the on-off states of
the electrolyzer and fuel cell. The two units cannot be running at
the same time:

yel;t þ yfc;t � 1ct (26)

The model does not consider any penalty terms for cycling units
on and off. Big-M formulation [37] is used to ensure no flow occurs
out of a unit when it is off:

_eout;t � Myu;t cu; t (27)

It is also essential to keep track of the amount of hydrogen
stored at each time point, which is done through the following
sign of synergistic distributed renewable fuel and power systems,
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Fig. 3. Superstructure considered for microgrid system.

Table 4
Cost data for microgrid units.

Unit Capital Cost Operating Cost Ref

Wind Turbine $2500/kW 0.8¢/kWh [28,29]
Solar Panel $6100/kW $52/kW installed/yr [28,30]
Microturbine $3600/kWe 2¢/kWh [28]
Electrolyzer $25,050/(kg H2/hr) flowrate 6¢/kWh [31]
Fuel Cell $3000/kW 6¢/kWh [32]
Electric Heater $60/kW 0.75¢/kWh [28]

Table 5
Conversion efficiencies in microgrid.

Conversion Unit Input Output Efficiency Ref

Solar Panel kW solar irradiance kW power 0.15 [34]
Microturbine kW fuel HHV kW power 0.23 [28]
Microturbine kW fuel HHV kW heat 0.46 [28]
Electrolyzer kW power kg/hr H2 0.021 [35]
Fuel Cell kg/hr H2 kW power 16.5 [36]
Electric Heater kW power HHV kW heat 1 [28]
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discretized dynamic mass balance of the hydrogen storage tank:

ht ¼ ht�1 þ _ein;t�1 � _eout;t�1 ct (28)

Electrolyzer, fuel cell, and heater unit capacities must be large
enough to accommodate all possible energy inputs throughout the
year:

zu � _ein;t cu; t (29)

Similarly, the hydrogen tank size must be sufficiently large
enough to accommodate all possible levels of hydrogen storage:

hmax � ht ct (30)

In practice, equations (29) and (30) determine the capacity of
the microgrid units by finding the largest energy flow or storage
within those units during all time points considered.

Lastly, all variables are nonnegative quantities. Equations
(18e30) denote the optimization problem for the microgrid. This
optimization problem is a mixed integer linear program (MILP)
which can be solved using the CPLEX solver in GAMS. The final
Please cite this article in press as: A. Allman, P. Daoutidis, Optimal de
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optimization problem consists of 61,330 variables and 96,361
equations. The large number of variables and constraints is due to
the fact that unlike the biorefinery, microgrid operation is time
dependent, therefore different variables must exist and constraints
must hold for all 8760 h in the year. Despite the orders of magni-
tude increase in problem size with respect to the biorefinery, the
linearity of the microgrid problem allows it to be solved with
relative ease.
2.3. Combined system

The previous two subsections define the individual biorefinery
and microgrid systems. Each optimization problem can be solved
separately to find minimum cost designs that allow the biorefinery
to meet fuel demand and the microgrid to meet heat and power
demand, without any interactions between the two systems. To
optimize the systems together, the following objective function is
considered:

minimize
X
u

xuzu þ
X
r

xr

�ð _minÞ
cr

�gr

þQ

0
@8760 _m1

X
f

zf ff

þ
X
u

X
t

zu _ein;t

1
A

(31)

Equation (31) is a sum of the objectives from the microgrid and
biorefinery that neglects the purchasing costs of fuel, hydrogen,
and heat utility, as these are now obtained within the combined
system instead of purchased from elsewhere. All of the constraints
that govern the physical systems defined in the previous two sec-
tions are used in the combined system, with the following addi-
tions and modifications.

First, hydrogen demand in the biorefinery is met by the micro-
grid. To enforce this, the dynamic hydrogen mass balance is
modified to track an additional output, H, from the storage tank:

ht ¼ ht�1 þ _ein;t�1 � _eout;t�1 � H ct (32)

An equation is added defining H as the net hydrogen demand of
the biorefinery:
sign of synergistic distributed renewable fuel and power systems,



Fig. 4. Algorithm for solving combined optimization problem.
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H ¼
X

i2H2 feeds

_mi (33)

The fuel produced from the biorefinery needs to now not only
meet the local fuel demand but also the demand of the micro-
turbines. Thus, equation (2) is modified to:

X
I2fuel outputs

_mi ¼ df þ F (34)

The fuel passed to the microgrid does not need to be used right
away but can instead be stored. Thus, a dynamic fuel mass balance
is required, analogous to that for hydrogen storage:

Vt ¼ Vt�1 þ F � _efuel;t�1 ct (35)

Lastly, heat production must be increased to meet the utility
requirement of the biorefinery. Thus, equation (20) is modified to:

X
j2heat out

_ej;t � dh;t þ Q ct (36)

Again, an equation is added defining Q as the net heat demand
of the biorefinery:

Q ¼
X
r

qr þ
X
i

qi (37)

Overall, the combined system optimization is a mixed integer
nonlinear program (MINLP), which can in theory be solved by the
BARON solver in GAMS. However, the model consists of 62,302
variables and 96,604 equations. Because the combined system
optimization problem retains the nonlinear character of the bio-
refinery and the large number of variables and equations from the
microgrid, it cannot be solved without additional reformulation.

To transform the combined optimization into a more tractable
formulation, a primal decomposition is used [38]. To utilize primal
decomposition, the optimization problem must be in the following
form:

minimize f ðx; y; zÞ ¼ f1ðx; zÞ þ f2ðy; zÞ
s:t F1ðx; zÞ ¼ 0
F2ðy; zÞ ¼ 0

(38)

The structure presented in equation (38) corresponds naturally
to an optimization problem for a combined system of two sub-
systems, where x, f1, and F1 are the variables, objective, and con-
straints from subsystem 1, y, f2, and F2 are the variables, objective,
and constraints from subsystem 2, and z are variables shared be-
tween the two subsystems. In the case being considered here,
subsystem 1 would be the biorefinery, subsystem 2 would be the
microgrid, and the shared variables would be the heat, hydrogen,
and fuel shared between the two systems. When an optimization
problem takes the form of equation (38), the following is an
equivalent representation:

minimize 41 zð Þ þ 42 zð Þ
s:t: 41 zð Þ ¼ min

x
f1 x; zð ÞjF1 x; zð Þ ¼ 0; z ¼ zð Þ

42 zð Þ ¼ min
y

f2 y; zð ÞjF2 y; zð Þ ¼ 0; z ¼ zð Þ
(39)

In this case, equation (39) shows that the combined system can
be optimized in a two step process. First, the individual biorefinery
and microgrid subsystems are minimized at fixed values of shared
heat, hydrogen, and fuel. Then, the combined system is optimized
with respect to the shared variables.

This problem is still a challenging task since two optimization
subproblems need to be solved as three different variables vary.
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Since these subproblems are not convex, algorithms such as
gradient descent cannot be used to intelligently vary the shared
variables to converge to a guaranteed global optimum. However,
heat and hydrogen demands are largely dependent on the bio-
refinery pathway chosen, making shared fuel the key decision
variable connecting the two subsystems. The algorithm depicted in
Fig. 4 and described belowwas used to take advantage of this fact to
find a solution more efficiently. First, a range of feasible values and
step size for the amount of fuel shared in the combined system is
defined. The algorithm then iterates through each shared fuel
value. At each iteration, the biorefinery is solved allowing pur-
chases of heat and hydrogen from outside sources. To ensure that
all pathways are considered, the biorefinery is solved twice: with
andwithout a constraint requiring the use of biofine hydrolysis (the
reason for which will become apparent in the case study results).
After each biorefinery solution, hydrogen and heat purchases are
stored as the shared variables and the microgrid is solved. The
biorefinery and microgrid costs, minus the biorefinery purchasing
costs of hydrogen and heat, are then added. The minimal total cost
of the two optimizations is stored for each shared fuel value. The
combined system optimal design is obtained after stepping through
all discrete values of shared fuel and selecting the minimum cost
from all optimizations.

The above algorithm does not guarantee a global optimum since
discrete steps are being used for a variable, and only one, instead of
all three, of the shared variables are being completely varied.
However, it does guarantee a feasible, near-optimal design point
while also allowing different shared fuel iterations to be run in
parallel. This point can then be compared with a lower bound on
the optimal value, which is obtained by taking convex relaxations
of the combined problem. To this end, bilinear terms are relaxed
using McCormick relaxations [39]. Nonlinear and nonconvex
sign of synergistic distributed renewable fuel and power systems,
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equilibrium terms are relaxed by converting to yield-based equa-
tions and using empirically determined upper and lower bounds
for the yields. Nonlinear capital cost terms are relaxed using
piecewise linear approximations. Binary variables are relaxed to
continuous ones with bounds of zero and one. Bounds for McCor-
mick envelopes and equilibrium yields are determined by solving
the mass balance for various extreme cases.
3. Case study

The following case study analyzes the cost of implementing the
proposed microgrid and biorefinery system in a small community.
The microgrid is constrained to meet the power and heat demands
of a town consisting of 100 residential homes, a primary and sec-
ondary school, a supermarket, and an outpatient center. Data used
is that from a typical meteorological year in Minneapolis, MN [33].
The biorefinery is constrained to meet 0.1% of the average hourly
liquid fuel demand in the state of Minnesota [40]. As a first step,
supply and demand data is assumed to be deterministic, and no
uncertainty in the data is considered.

In the base case, the cost of optimizing the systems individually
is compared with the cost of optimizing the combined systems. For
individual operation, separate cases where the microgrid is and is
not allowed to purchase fuel from the centralized infrastructure are
considered. Allowing fuel purchasing will present the lowest cost
system, while disallowing it mirrors a more distributed system that
is not reliant on the centralized infrastructure, presenting a more
even comparison with the combined system. Cases where excess
hydrogen in the biorefinery is recycled and where the communities
are less than 100% reliant on obtaining energy from the new system
are also considered.
3.1. Base case

For the base case, the biorefinery NLP and microgrid MILP were
solved individually to a 0.1% optimality gap for two cases: where
microgrid fuel purchasing is allowed and where it is forbidden. The
biorefinery pathway chosen is shown in Fig. 5, and optimization
results are summarized in Table 6. Of notewhen comparing the two
individual system problems is that when allowed to purchase fuel,
the optimization does not select any hydrogen storage, instead
opting to purchase fuel when needed to offset the lack of renew-
ables. Both solutions install wind capacity, but an order of magni-
tude capacity higher is required when not purchasing fuel. This is
due to the intermittancy of wind energy; wind needs to over-
produce energy when it is available to compensate for when it is
not, absent any other energy source.

The combined system optimal design is found using the algo-
rithm described in section 2.3. Fig. 6 shows the optimal system cost
as a function of shared fuel between the two systems. For the
combined system, a different biorefinery pathway is selected,
Fig. 5. Optimal biorefinery pathway
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depicted in Fig. 7. This pathway is used to limit the hydrogen and
heat requirements of the gasifier pathway, which are higher than
the biofine pathways. This reduces the cost of the microgrid sub-
system. The importance of selecting the biofine pathway when
combining the two systems is seen in comparing the cost: if only
gasification were used, the cost of the combined system would be
$907.026MM, almost double the optimal cost found. This is in spite
of the fact that individually, the biorefinery without biofine hy-
drolysis is less expensive, and demonstrates an effect of the syn-
ergies between the two systems.

Despite the aforementioned synergies, the combined system
costs are greater than the total costs of the individual systems in
both cases considered. This increase in cost comes almost solely
from an increase in microgrid costs. The wind and microturbine
capacity are about double their individual system value. There are
also increases in heater and electrolyzer size. However, the fuel cell
is an order of magnitude smaller than in the individual systems
case without fuel purchasing despite the larger electolyzer size.
Thus, a majority of the hydrogen produced is used to meet
continuous hydrogen demand of the biorefinery instead of being
stored for future energy needs. To meet this continuous demand,
the electrolyzer must run for a longer period of time than it would
in the individual systems case. This fact is a primary cause for the
high costs of the combined system and motivates further study on
the hydrogen system, which is discussed in section 3.3.

Note that in all three cases presented in Table 6, no solar energy
is installed in the optimal design. This makes sense considering that
solar energy is not prevalent in Minnesota, particularly in the
winter when the days are very short. Additionally, wood chips are
chosen as the optimal biomass feedstock in all three cases. This is
because, despite having a higher cost than wheat straw and corn
stover, wood has much less ash and thus more usable carbon than
the other feedstocks, making it less expensive on a per carbon basis.
3.2. Utility cost sensitivity cases

One of the advantages of a combined system is that all utilities
are provided for within the system; the only material which must
be continuously purchased is biomass feedstock. As such, the
combined system cost will not be sensitive to uncertainties and
changes in utility costs. However, the individual systems' costs will
be dependent on these uncertainties. Due to this, it is apparent that
after some increase in utility costs, the individual systems' costs
will be greater than that of the combined system. This is analyzed
by increasing the costs of heat, hydrogen, and fuel from their base
case values. The results of this analysis show that individual and
combined system costs are equal after a 750% and 500% increase in
utility costs for the cases with and without fuel purchasing,
respectively. Fig. 8 displays utility cost increases from the base case
versus system cost. These results show that it is unreasonable to
expect utility cost increases that make the combined system
for separately optimized system.
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Table 6
Results of base case optimization for separate and combined systems.

Individual Systems Combined System

Fuel Purchasing No Fuel Purchasing

Biomass feed Wood Wood Wood
Feedstock Flowrate (kg/h) 6342 6342 7358
Biofine hydrolysis used? No No Yes
FischereTropsch used? Yes Yes Yes
Wind capacity (MW) 1.8 51.2 109.5
Microturbines capacity (MW) 2.83 0 6.23
Fuel cell capacity (MW) 0 8.15 0.47
Electric heater capacity (MW) 2.19 7.86 14.03
Electrolyzer capacity (kg/hr H2) 0 516 803
Microgrid average fuel demand (gal/h) 78.7 0 208.3
Biorefinery hydrogen demand (kg/h) 275.5 275.5 240.2
Biorefinery heat demand (MW) 7.80 7.80 7.70
Biorefinery Cost (MM$) 150.5 150.5 152.95
Microgrid Cost (MM$) 37.6 209.5 374.9
Capital Cost (MM$) 61.0 246.0 466.2
Operating Cost (MM$) 127.2 113.9 61.7
Total Cost(MM$) 188.2 360.0 527.9
Cost Lower Bound (MM$) 188.0 359.6 499.7
Optimality Gap(%) 0.1 0.1 5.6

The bold in table is used to emphasize the total costs for each case.
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cheaper than the individual systems. Instead, improvements in the
combined system are necessary to achieve desired economics.
Fig. 6. Optimal system cost as a function of shared fuel for base case combined system.

Fig. 7. Base case optimal biorefinery
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3.3. Hydrogen recycle cases

Motivated by the base case results, a pressure swing absorption
(PSA) unit was added to the biorefinery to recover and recycle some
of the excess hydrogen outputted from the biorefinery. To imple-
ment this into the model, an additional capital cost termwas added
to the objective function. The PSA unit had a reference cost of
$28 MM for a reference capacity of 100,000 kg H2/day, and a ca-
pacity exponent of 0.75 [41]. Also, the amount of hydrogen bought
or demanded from the microgrid was modified as follows:

H ¼
X

i2H2 feeds

_mi � r
X

i2H2 outputs

xi;H2
_mi (40)

Note that this reduces to the simpler hydrogen usage equation
when r¼0. The cases of 90% (an upper bound on the capabilities of
the PSA unit) and 75% of hydrogen being recycled (a more
reasonable value) are analyzed.

When implementing the hydrogen recycle, little change is seen
when optimizing the systems individually. The biorefinery sees an
extra $3MM in capital cost due to the addition of the PSA unit and
an operating cost reduction of $21MM and $25MM for 75% and 90%
pathway for combined system.
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Fig. 8. Utility cost increase vs. system cost for individual and combined systems.

Table 7
Results of optimization for recycle cases for separately optimized systems without
fuel purchasing and for combined systems.

Individual
Systems

Combined
System

Recycle Ratio 75% 90% 75% 90%
Biomass feed Wood Wood Wood Wood
Feedstock Flowrate (kg/h) 6343 6346 9554 9279
Biofine hydrolysis used? No No Yes Yes
FischereTropsch used? No No No No
Wind capacity (MW) 51.2 51.2 38.1 29.4
Microturbines capacity (MW) 0 0 6.05 5.85
Fuel cell capacity (MW) 8.15 8.15 0 0
Electric heater capacity (MW) 7.86 7.86 15.92 15.28
Electrolyzer capacity (kg/hr H2) 516 516 280 217
Microgrid average fuel demand (gal/h) 0 0 375.0 354.2
Biorefinery hydrogen demand (kg/h) 40.8 �6.2 114.0 72.3
Biorefinery heat demand (MW) 7.80 7.81 9.99 9.71
Biorefinery Cost (MM$) 132.9 129.2 187.2 183.7
Microgrid Cost (MM$) 209.5 209.5 146.5 118.0
Capital Cost (MM$) 249.3 249.8 217.4 242.4
Operating Cost (MM$) 93.0 88.9 62.4 59.2
Total cost(MM$) 342.3 338.7 333.7 301.7
Cost Lower Bound (MM$) 342.0 338.4 293.0 270.5
Optimality Gap(%) 0.1 0.1 14.7 11.5

Fig. 9. Recycle ratio vs. cost for individual and combined systems.
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recycle, respectively, due to less hydrogen purchasing. In the 90%
recycle case, more hydrogen is recycled than is needed by the
biorefinery since hydrogen is a by-product of the wateregas shift
reaction which occurs in the FischereTropsch reactor. Thus, in this
case, the extra hydrogen is sold for a credit. No change is seen in the
microgrid for the individually optimized system since no equations
for that system are altered. Feeds, unit sizes, and chosen biorefinery
technologies are the same as in the base case individual systems.

When considering the combined system, significant cost
reduction is observed. For 75% recycle, a cost reduction of 37% oc-
curs to reduce the NPV cost to $333.7MM. This is in spite of the
biorefinery costs increasing from $153.0MM with no recycle to
$187.2MM with 75% recycle. Because of the hydrogen recycle, the
biorefinery can operate at a higher capacity to share more fuel with
the microgrid without stressing the microgrid with high hydrogen
demand. The result is a lower overall cost.

Although significant cost reduction is observed with a hydrogen
recycle, the combined system is still more expensive than the in-
dividual systems in the casewhere fuel is purchased. This, however,
is unsurprising since the biorefinery technology considered cannot
yet compete in terms of price with petroleum-based fuels. How-
ever, the savings from hydrogen recycle makes the combined sys-
tem cheaper than the individual systems without fuel purchasing.
Further cost reduction is seen in the 90% recycle case. The combined
system with recycle still selects the biofine pathway for the bio-
refinery, and because of this, excess hydrogen is not produced in the
reactor as is seen in the individual systems case. Note that no fuel
cell is built in the combined systems case with recycle, which in-
dicates that it is more cost-effective to provide energy with fuel
from the biorefinery than from stored hydrogen when renewable
availability is low. A summary of the combined system results, as
well as the individual systems results with no fuel purchasing, with
recycle is shown in Table 7.

Further analysis focused on finding the critical recycle ratio
where the cost of the combined and individual systems are equal.
Linear interpolation was used to predict the point where the costs
become equal. Individual and combined system optimization
problems were solved and the process was repeated until conver-
gence within $1MM. When doing so, it is seen that the NPV cost of
the individual systems without fuel purchasing and the combined
systems are equal at 70.9%. In Fig. 9, the recycle ratio vs. cost for the
three systems considered is shown. While the combined case
cannot compete with the individual case where fuel purchasing is
allowed, at recycle rates above 70.9% it is the superior system
among the two considered that operate mostly independently from
the centralized infrastructure.
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3.4. Varying autonomy cases

The previous cases presented all considered operation where
the end users are only reliant on the microgrid and biorefinery for
energy demand. This 100% autonomy scenario may be ideal for a
truly distributed infrastructure, but in practice, some interaction
with the macrogrid and global fuel market is to be expected. As
such, it is instructive to examine the effect of autonomy on the
individual and combined systems. To analyze these effects, the
following changes are made to the heat, power, and fuel demand
equations:

X
j2heat out

_ej;t � u
�
dh;t þ Q

�
ct (41)

X
j2power out

_ej;t ¼ udp;t ct (42)

X
i2fuel outputs

_mi ¼ u
�
df þ F

�
(43)

Note that equations (41e43) reduce to the simpler demand
equations when u ¼ 1. When considering autonomy of less than
100%, the balance of fuel, power, and heat demand that is not met
sign of synergistic distributed renewable fuel and power systems,
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by the system is assumed to be purchased at its market value. The
objective function is modified to match this change.

When analyzing howautonomy affects the cost of the individual
systems, it is seen that increasing the autonomy does not make the
combined system perform better when not considering recycle. In
fact, the place where the cost of the combined system and indi-
vidual systems meet is at 0% autonomy, or the case where nothing
is built and all fuel and power is obtained from the centralized
infrastructure. In the intermediate range of autonomy levels, the
unit sizes are simply scaled down to match the lower demand on
the biorefinery and microgrid system. A more interesting case oc-
curs when hydrogen recycle is considered. By finding the critical
recycle ratio as a function of autonomy, further evidence of syn-
ergies between the biorefinery and microgrid are apparent. This
relationship is plotted in Fig.10. The general trend is that the critical
recycle ratio decreases as autonomy decreases, although there is a
slight upward kink at 25% autonomy. This means that, in general, as
the connections with the centralized infrastructure improve and/or
the load serviced by the biorefinery and microgrid decreases, a
combined system becomes even more cost competitive with the
individual systems. These results show that although combining
the systems was motivated by a desire for greater resiliency, a
combined system can also be desirable when connections to the
centralized infrastructure do exist.
4. Conclusions and future work

This paper presented a framework for the design optimization of
a combined microgrid and biorefinery system. While the resulting
large MINLP is much more difficult to solve than its constituent
parts, the natural structure of the combined system was exploited
to make the problem tractable through a primal decomposition
approach. This decomposition was applied to a base case that
showed that the optimal combined system cost of $527.9MM was
much higher than the total cost of the individually optimized sys-
tems. However, a direct effect of synergy between the two systems
was seen in this base case, as the optimal biorefinery pathway
found in the combined systemwas different than that found in the
individually optimized system.

Further analysis of the combined biorefinery and microgrid
system examined other effects of synergy. The implementation of a
hydrogen recycle using a PSA unit showed a simple way to make a
combined biorefinery and microgrid system cost-competitive with
the individually optimized systems. Cost reduction from hydrogen
recycle is a direct result of system synergy: implementing a 75%
recycle reduces combined system costs by 37%, as opposed to just
5% reduction in the individual systems. The autonomy analysis
shows that a combined system can also be competitive and
Fig. 10. Critical recycle ratio vs. system autonomy.

Please cite this article in press as: A. Allman, P. Daoutidis, Optimal de
Renewable Energy (2016), http://dx.doi.org/10.1016/j.renene.2016.03.051
desirable evenwhen connection to the centralized infrastructure is
considered.

The proposed power and fuel polygeneration system is a
meaningful example of a system of systems, physically coupled
systems with different functionalities but also linked through a
common managing entity. The potential beneficial synergies in
such systems can be significant, but so are the resulting challenges
in design and operation. The present study is just a first step the
development of efficient design and control methods for such
synergistic renewable fuel and power systems. Future research will
examine the effects of uncertainty in renewable availability and
energy demand on the design of such systems, as well as the cor-
responding scheduling and control problems.
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