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Abstract

In recent years, Distributed Energy Systems (DESs) have been recognized as a good option for sustainable development
of future energy systems. With growing environmental concerns, design optimization of DESs through economic
assessments only is not sufficient. To achieve long-run sustainability of energy supply, the key idea of this paper is to
investigate exergy assessments in DES design optimization to attain rational use of energy resources while considering
energy qualities of supply and demand. By using low-temperature sources for low-quality thermal demand, the waste
of high-quality energy can be reduced, and the overall exergy efficiency can be increased. Based on a pre-established
superstructure, the aim is to determine numbers and sizes of energy devices in the DES and the corresponding operation
strategies. A multi-objective linear problem is formulated to reduce the total annual cost and increase the overall exergy
efficiency. The Pareto frontier is found to provide different design options for planners based on economic and
sustainability priorities, through minimizing a weighted-sum of the total annual cost and primary exergy input, by using
branch-and-cut. Numerical results demonstrate that different optimized DES configurations can be found according to
the two objectives. Moreover, results also show that the total annual cost and primary exergy input are reduced by 20%
- 30% as compared with conventional energy supply systems.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 8th International Conference on Applied Energy.

Keywords: Distributed Energy System; Design optimization; Annual cost; Exergy efficiency; Multi-objective linear problem.

1. Introduction

In recent years, depletion of fossil energy resources and global warming problems have prompted
worldwide awareness about sustainability of energy supply. Distributed Energy Systems (DESs) have been
recognized as a good option for sustainable development of future energy systems [1, 2]. A DES may
consists of small-scale technologies including renewable ones and storage units, providing electric and
thermal energy close to end-users [1]. To achieve the expected potentials of DESs, it is necessary to
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determine the system configuration rationally by selecting the appropriate energy devices, identifying their
numbers and sizes, and the corresponding operation strategies, to match energy requirements of a specific
end-user [2]. Design optimization of a DES is therefore essential for future energy planning, and inherently
involves multiple and conflicting objectives [3, 4]. For instance, the interest of DES developers in achieving
a system configuration with lowest costs might conflict with the interest of energy legislations, such as the
EU ones, for sustainability concerns on reducing the waste of fossil energy resources and environmental
impacts [4, 5]. In such a context, a multi-objective approach helps identify balancing solutions between
economic and sustainability priorities to promote participation in the decision-making process and facilitate
collective decisions [3].

According to [5], application of exergy principles in energy supply systems can achieve rational use of
energy resources by taking into account the different energy quality levels of energy supply and building
demand. In the literature, exergy has been linked to sustainability of energy supply since it clearly identifies
the efficiency in energy resource use, and the importance of including exergy in energy legislations was
discussed [5, 6]. DESs provide a great opportunity to demonstrate the effectiveness of exergy analysis in
designing sustainable energy systems since multiple energy resources with different quality levels can be
used to satisfy various user demand with different quality levels. By using low exergy sources, e.g., solar
thermal or waste heat of power generation, for low-quality thermal demand, the waste of high-quality
energy can be reduced, thereby increasing the overall exergy efficiency of DESs.

In previous works, exergy was investigated in DES operation through a multi-objective approach [7, 8].
With fixed DES configurations, optimized operation strategies were established by considering energy
costs and exergy efficiency. As regards DES design optimization, most studies focused on minimizing the
total annual cost as a crucial objective for DES developers [2, 9 - 13]. Also, before optimizing the design,
“superstructures” were pre-established with energy devices chosen among the most commonly used ones
in practical DESs. To identify the size of an energy device, several sizes were pre-fixed as possible choices
to be selected through binary decision variables [2, 9 - 11]. However, how to select these sizes among the
almost infinite possible solutions available in the market is difficult. Conversely, the size of an energy
device was a continuous decision variable within the entire available size range, with efficiencies as well
as specific capital and operation and maintenance (O&M) costs assumed constant in the entire size range
[12, 13], while neglecting their variations with the sizes, which is significant for certain devices.

In this paper, exergy assessments are investigated in DES design optimization through a multi-objective
approach. Based on a pre-established superstructure with multiple energy devices, a multi-objective linear
problem is formulated to determine numbers and sizes of energy devices with the corresponding operation
strategies on the Pareto frontier, thereby providing different design options for planners based on economic
and sustainability priorities. In modeling energy devices, the entire size range available in the market as
well as the variations of efficiencies, specific capital and O&M costs with sizes are taken into account. The
economic objective is formulated as the total annual cost (total annualized investment cost, total annual
O&M and energy cost) to be minimized. The exergetic objective is to maximize the overall exergy
efficiency of the DES. With given energy demand, the total exergy required to meet the demand is known,
and the exergetic objective is formulated as the total annual primary exergy input to be minimized. The
Pareto frontier is found by minimizing a weighted sum of the two objectives, by using branch-and-cut.
Numerical results show that different optimized DES configurations are found according to the two
objectives. The Pareto frontier provides good balancing solutions for planners based on economic and
sustainability priorities. The optimized DES configurations allow to reduce the total annual cost and
primary exergy input by 20% - 30% as compared with conventional energy supply systems (CESs), where
grid power is used for the electricity demand, natural gas boilers for domestic hot water (DHW) and space
heating (SH) demand, and electric chillers for space cooling demand (SC).
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2. Problem formulation and solution methodology

The DES superstructure consisting of the energy devices considered in the design optimization problem
is shown in Fig. 1. Electricity demand and electricity required by heat pumps can be satisfied by grid power
and Combined Heat and Power (CHP) systems. SC demand can be satisfied by CHPs, natural gas and
biomass boilers through absorption chillers, heat pumps and thermal storage, whereas SH demand by CHPs,
natural gas and biomass boilers, and thermal storage. DHW demand can be satisfied by CHPs, natural gas
and biomass boilers, solar thermal collectors and thermal storage.

2.1. Decision variables

The decision variables include: existence, numbers, and sizes of energy devices; operation status
(on/off) and energy rates provided by energy devices; capacities of thermal storage devices; heat rates input
and output to/from thermal storage devices; electricity rate bought from the power grid. Existence and
operation status of energy devices are binary. Numbers of energy devices are also determined through
binary decision variables to be explained later. All the other decision variables are continuous.

2.2. Economic objective
The economic objective is to minimize the total annual cost of the DES, Cror, formulated as the sum of
the total annualized investment cost, and the total annual O&M and energy costs:

Cror = Cow +Conss T Crum + Cot 0]

INV 0&M FUEL PUR >
where Cpyy is the annualized investment cost of all energy devices of the DES, Cosu is the total annual
O&M cost of all energy devices, Crug is the total annual cost of consumed fuels, and C, is the annual

cost of purchasing electricity from the power grid.
The annualized investment cost of energy devices is obtained through the capital recovery factor [2, 9 -
13], and the annual O&M cost of energy devices depends on the DES operation:

Cm,:zicm(c S, ) CRE.:r(1+r)N’/[(1+r)N’—lJ, C =SYYSOMR, . D ?)

ik ik dhr 7ty
ko d hr
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Fig. 1. Superstructure representation of the design optimization problem of the DES.
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i, where K; is its maximum number; S, is the designed size of device k;; C., is the specific capital cost; r

is the interest rate; V; is the lifetime in years; OM; is the O&M cost; R, ,, is the energy rate provided by

the device k; at hour Ar of day d; and D; is the time interval length (1 hour).
The total annual costs of the consumed fuels and purchased grid power are formulated as:

Coons :zﬁzzﬂw,i(zem,/(n,LHV ))D., i € {NGICE, NGboiler, Bioboiler},  Cyi’ =P, Efi’D 3)
ik od e ’ e d hr

fuel e =d i Tty

where #; is the energy efficiency (thermal or electrical); Pi;; and LH V. are the price and lower heat value
of the corresponding fuel (i.e., natural gas and biomass fuels), respectively; P, is the time-of-day unit

price of electricity from the power grid; and Ej;" is the electricity rate taken from the grid.

2.3. Exergetic objective

The exergetic objective is to maximize the overall exergy efficiency of the DES, as the ratio of the total
annual exergy output (exergy required to meet the given user demand), Ex,., to the total annual primary
exergy input, Ex;,. With given energy demand, the total exergy required to meet the demand is known, and
the overall exergy efficiency can be increased by reducing the total primary exergy input. At the supply
side, the input energy carriers are grid power, natural gas, biomass and solar energy. Therefore, the exergetic
objective is formulated as the total annual primary exergy input to be minimized as:

Ex, =Y 22 Ex,,,D, (4)
jod hr ’

where Ex; 4 1s the exergy rate input to the DES related to the energy carrier ;.
Electricity from the power grid is an energy carrier provided by power generation plants, and the exergy
input rate to the DES depends on the exergy efficiency of the plants, egen [7]:

Ex,,, =E;" s, Vd,Nhr %)

ed hr gen®

The exergy input rates of natural gas and biomass depend on their specific chemical exergy:

K,
Ex fuel d e Z; %‘4[ ex fuel (Rf,A, Jd / (T]iLH Vmel ))9 ex fuel — gﬁw[LH V/m»z s ( 6)
fuel € {natural gas,biomass}, i € {NGICE, NGboiler, Bioboiler}, Vd,5hr
where exj.r is the specific chemical exergy of the fuel, and ¢z is the exergy factor [14].
Thermal energy output of solar thermal collectors at the corresponding temperature level is considered
as the primary energy source [7]. The exergy input rate to solar thermal collectors, Exsz.q - is defined as:

Ex_,, =R 1-T,,, /To), Vd Yhr, (7)

ST .d ,hr ST .d ,hr ( 0,d ,hr coll

where Ty and T2 are the reference temperature (hourly ambient temperature), and the temperature of
the heat transfer fluid at the exit of the collector field (assumed constant), respectively.

2.4. Constraints

Three main categories of constraints are established: design constraints, energy balances and operation
constraints. As for design constraints, the designed size of the energy device £; has to be within the minimum
and maximum sizes of the related technology S/™" and S;"** available in the market:

S"x, <8, <S™x,, Vi, k<K ®)

i i,

where x,, is a binary decision variable, which is equal to 1 if the device &; is implemented in the DES

configuration. For the solar collector array, the designed area has to be lower than the available one. In the
design optimization problem, the entire size range available in the market as well as the variations of
efficiencies, specific capital and O&M costs with sizes are taken into account. These characteristics are
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usually piecewise linear functions of the size, which is a continuous decision variable, thereby making the
problem nonlinear. To avoid this, the key idea is to divide the entire size range of an energy device into
several small ranges, so that these characteristics can be assumed constant in each size range. Consider
CHP with a gas-fired internal combustion engine (ICE) as an example. The designed size of CHP in the

range / is limited by its minimum and maximum values S/ and S“™ in this range:

CHPmin __CHP CHP CHPmax _ _CHP CHP
S’ xk(mu s Sk(,,,,,, = SI xkl,,,,,’ ;xk,,,,ﬂ, = 1’ Vi > kCH[’ = K(‘H[’ > (9)

CHP.

where §

kenp

~and x” are defined similarly as in Eq (8) in the range /. Also, the summation of binary decision

kel

CHP

variables x over [ has to be smaller than or equal to 1, ensuring that at most one range is selected.

To satisfy the given user demand, electricity, DHW, SH and SC energy balances are formulated based
on the DES superstructure shown in Fig. 1. As for operation constraints, the energy rate provided by each
energy device is limited by its minimum part load and the capacity. Still considering the CHP example, the
electricity rate, R, is limited by its minimum and maximum values R™ and R if the device is on:

d » "

min max min ___ CHP CHP max __ CHP
RYX, i SRy SRy R =r ™SS0 R =518 ke <Ko VAN (10)
where x, ,, is the on/off status of CHP, and r“** is the minimum part load (expressed in percentage of

the designed size). The product of one continuous decision variable and one binary decision variable is
linearized in a standard way. Beyond ICE, CHPs also involve heat recovery units for thermal purposes. The
heat rate recovered by CHPs is subdivided among the heating coils for DHW and SH demand, and
absorption chillers for SC as modeled in [7]. CHP ramp-rate constraints are also included to limit power
generation between two successive time-steps. The natural gas and biomass boilers can be used to meet
DHW and SH demand, and SC through absorption chillers. As regards solar thermal collectors, the heat
rate provided is related to the designed area through the hourly solar irradiance and the thermal efficiency.
For the operation of thermal storage devices, the amount of energy stored at the beginning of each time
interval equals the non-dissipated energy stored at the beginning of the previous time interval (based on the
storage loss fraction), plus the net energy flow (heat input rate to the storage minus heat output rate from
the storage) [2, 7].

2.5. Optimization method

With the exergetic objective function formulated in Eq. (4) and the economic one formulated in Eq. (1),
the problem has two objective functions to be minimized. To solve this multi-objective optimization
problem, a single objective function is formulated as a weighted sum of the total annual cost, Cror, and the
total annual primary exergy input, Ex;,, to be minimized:

F,, =caC,y, +(1-®)Ex, , (11)

obj

where constant c is a scaling factor, chosen such that ¢ Crorand Ex;, have the same order of magnitude. The
Pareto frontier is found by varying the weight  in the interval 0 — 1. The solution that minimizes the total
annual cost can be found when @ = 1, whereas the one that minimizes the total annual primary exergy input
(i.e., maximizes the overall exergy efficiency) when @ = 0. The problem formulated above is linear, and
involves both discrete and continuous variables, so this is to be solved by branch-and-cut, which is powerful
for mixed-integer linear optimization problems, and easy to code by using commercial solvers.

3. Numerical testing

Numerical testing is presented below, where a hypothetic cluster of 30 buildings located in Torino
(Italy) is chosen as the targeted end-user. The method developed in Section 2 is implemented by using IBM
ILOG CPLEX Optimization Studio Version 12.6, a popular and powerful solver where branch-and-cut is
implemented with flexibility and high-performance.
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3.1. Input data

Each building has a surface area of 5000 m?, and a shape factor S/V of 0.5 m’!. The hourly energy rate
demand for electricity, DHW, SH, and SC for four representative days per season are used as input data,
based on [15, 16]. To compute the annual energy requirements, the year is assumed to include 90, 92, 91,
and 92 days in the cold, cold-mid, hot-mid, and hot seasons, respectively. Table 1 shows the peak and
average energy rate demand of the end-user for the four representative season days as well as the annual
energy requirements. The average hourly solar irradiance profiles (on a south-oriented and 35° tilted
surface) have been assumed for each representative season day [17]. The technical and economic
information of energy devices are summarized in Table 2 [18, 19]. The unit price of grid power is assumed
as 0.15 €/kWh, and the unit prices of natural gas and biomass (wood pellet) are assumed as 0.477 €/Nm’,
and 120 €/ton, respectively. The exergy efficiency of power generation plants is assumed as 0.40, based on
the fossil fuel energy mix for electricity production and on the average efficiency of fossil fuel-fired
electricity production in Italy [20]. The exergy factors of natural gas and biomass are assumed as 1.04 and
1.16 [14], respectively. A 5% interest rate is assumed to evaluate the total annualized investment cost.

3.2. Pareto frontier

The optimization problem is solved within few hours with a mixed integer gap lower than 0.15% on a
PC with 2.60GHz (2 processors) Intel(R) Xeon(R) E5 CPU and 32G RAM. The Pareto frontier is shown in
Fig. 2a. The point marked with a is obtained under exergetic optimization (e« = 0), and the point marked
with b is obtained under economic optimization (w = 1). The points between these two extreme points are
found by subdividing the weight interval into 10 equally-spaced points. Each point on the Pareto frontier
corresponds to a different optimized configuration of the DES. Fig. 2b shows the percentages of reduction
in the total annual cost and increase in the total annual primary exergy input obtained by varying the weight
o from 0 to 1 with a 0.1 increase.

3.3. Optimized DES configurations

The optimized configurations of the DES (numbers, sizes and total installed capacities of energy
devices), and the economic and exergetic performances for points a and b on the Pareto frontier are shown
in Table 3. For the illustration purpose, the point marked with ¢ in Fig. 2a (obtained for @ = 0.2) is also
selected as an attractive economic/exergetic balancing solution. Under exergetic optimization, the total
capacity of CHP is the largest among the three configurations. This highlights its importance for the
exergetic objective, due to the possibility of waste heat recovery for thermal purposes, thereby promoting
efficient use of the energy resource. As w increases, the total capacity reduces, reaching the minimum under

Table 1. Peak and average energy rate demand (MW) in the representative season days and annual energy requirements of the

building cluster (MWh).

Season Electricity DHW SH SC

Peak  Average Annual Peak Average Annual Peak Average Annual Peak Average Annual
Cold 0.86 0.52 1114 1.30 0.25 544.3 5.50 2.88 6227 0 0 0
Cold-mid  0.86 0.52 1139 1.30 0.25 5564 322 1.53 3378 0 0 0
Hot-mid  0.86 0.52 1126 1.30 0.25 550.3 0 0 0 0 0 0
Hot 0.86 0.52 1139 1.30 0.25 556.4 0 0 0 4.47 1.47 3235

Table 2. Technical and economic information of energy devices.
Energy device Size range Specific capital O&M costs Efficiency Lifetime
(kW) cost (€/kWh) Electrical Thermal

CHP gas-fired ICE 20-5000 1495-840 €/kW 0.020-0.008 0.28-0.41 0.68-0.40 20
NG boiler 10-2000 100 €/kW 0.0014 0.9 15
Biomass boiler 10-2000 400 €/kW 0.0027 0.85 15
Solar Thermal (ST) - 200 €/m? 0.0057 0.6 15
Air-source heat pump 10-6000 460 €/kW 0.0025 COP=3.0-3.5 20
Absorption chiller 10-5000 510-230 €/kW 0.0020 COP=0.8 20

Thermal storage - 20 €/kWh 0.0012 loss fraction=0.05 20
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Fig. 2. a) Pareto frontier; b) Percentages of reduction in annual cost and increase in annual primary exergy input for w varying from
0 to 1 with a 0.1 increase.

economic optimization, due to its high investment cost. Conversely, the total capacity of natural gas boiler
is maximum under economic optimization, due to the low investment and O&M costs. The natural gas
boiler is not chosen at point ¢, under a higher weight of the exergetic objective, highlighting that natural
gas, as high-quality energy, should not be used for low-quality thermal demand. The choice of one natural
gas boiler of 345 kW under exergetic optimization is due to the large sizes of the two CHPs, characterized
by high minimum part loads, below of which they cannot operate.

The biomass boiler is not chosen in any configuration. Under exergetic optimization, although both
wood and natural gas are high-quality energy, the efficiency of the biomass boiler is lower than that of the
gas-fired boiler. The biomass boiler is also inconvenient for the economic objective due to the high
investment cost. The area of the solar thermal array is maximum and the same for points a and ¢, under a
higher weight of the exergetic objective, highlighting the convenience of solar thermal for the exergetic
objective, due to low exergy of the thermal energy output from the collectors. Also the total capacities of
heat pump and absorption chiller reach the maximum under exergetic optimization, highlighting their
convenience for the exergetic purpose, due to the high conversion efficiency and the possibility of waste
heat recovery for the SC demand, respectively. When @ increases, the total capacities reduce in order to
reduce the total annual cost.

The capacity of the DHW thermal storage is maximum and the same for points a and ¢, since it is related
to the thermal energy provided by the solar thermal plant. The capacity of the SH thermal storage is
maximum under exergetic optimization, due to large amount of exhaust gas from CHPs. Conversely, the
capacity of the SC thermal storage is minimum and the same for points @ and ¢, whereas it strongly increases
under economic optimization. By increasing the storage capacity, the size of the absorption chiller can be
strongly reduced, thereby reducing the total investment costs.

In Table 3, the total annual cost and primary exergy input are also reported for an optimized CES system,
where grid power is used for the electricity demand, natural gas boilers for DHW and SH demand, and

Table 3. Optimized solutions resulting from the analysis of the Pareto Frontier.

Optimized solutions Point a Point ¢ Point b CES
CHP Number - Sizes - Total (kWo) 2-1006/2130-3136 2 -453/1103 - 1556 2-300/1007 - 1307

NG boiler Number — Sizes, Total (kW) 1-345-345 0 2 -260/807 — 1067

Biomass boiler Number - Sizes - Total (kWy,) 0 0 0

Solar Thermal Area (m?) 1485 1485 0

Heat pump Number - Sizes - Total (kW) 2 -360/5732-6092 2 -995/2563 - 3558 2 - 402/2466 - 2868
Absorption chiller Number - Sizes - Total (kWy) 2 -300/1298 - 1589 1 -1450 - 1450 1-1000 — 1000

DHW storage Total capacity (kWhy,) 2746 2746 2063

SH storage Total capacity (kWhg,) 2268 1382 1450

SC storage Total capacity (kWhy,) 948 948 2406

Total annual cost (million €) 1.517 1.374 1.290 1.913

Total annual primary exergy input (GWh) 18.620 18.864 19.753 27.641
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electric chillers for SC demand (same configurations attained under economic and exergetic optimization).
As compared with CES, the total annual cost and primary exergy input of the DES are both reduced by
33% under economic and exergetic optimization. Moreover, as compared with CES, the total annual cost
of the DES under exergetic optimization is reduced by 21%, whereas the total annual primary exergy input
under the economic optimization is reduced by 28%.

3.4. Operation strategies of optimized DES configurations under economic and exergetic optimization

For each optimized configuration, different operation strategies of energy devices are found. For the
illustration purpose, Fig. 3 shows the operation strategies of the DES (electricity and thermal energy
provided by energy devices) in the four representative season days at points a and b of the Pareto frontier
for a) electricity, b) DHW and c) SH/SC demand. As shown in Fig. 3a, grid power is generally lower than
the electricity provided by CHPs, highlighting that CHP is convenient for both objectives. The contrary
occurs in the hot mid-season day under exergetic optimization. In this day, only electricity and DHW
demand need to be satisfied, and solar thermal is preferred instead of waste heat from CHPs to meet the
demand as shown in Fig. 3b. The integration of the natural gas boiler is due to the large sizes of the CHPs,
as discussed earlier. Conversely, waste heat from CHPs is mostly used under economic optimization. In
Fig. 3c for SH and SC, heat pumps are mostly used under both exergetic and economic optimization. For
SC, the absorption chiller is used more under exergetic optimization than under economic one. Moreover,
both Fig.s 3b and ¢ show that to meet the DHW and SH demand, natural gas boilers are more used under
economic optimization than under exergetic one.

4. Conclusions

In this paper, exergy assessments are investigated in DES design optimization for sustainable
development of energy supply systems. Based on a pre-established superstructure, a multi-objective linear
problem is formulated to determine numbers and sizes of energy devices with the corresponding operation
strategies through cost and exergy assessments. The Pareto frontier is found through minimizing a weighted
sum of the total annual cost and primary exergy input by using branch-and-cut. Numerical results
demonstrate that different optimized DES configurations are found according to the two objectives, and the
Pareto frontier provides good balancing solutions for planners based on economic and sustainability
priorities. The optimized DES configurations allow to reduce the total annual cost and primary exergy input
by 20% - 30% as compared with CES. Although there are no exergy requirements (as a methodology or an
indicator) yet in current energy legislations, results underline that exergy assessments may allow to meet
the main goal of energy legislations in sustainability of energy supply.
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Fig. 3. Operation strategies of the DES in the four season days at points a and b of the Pareto frontier for a) Electricity, b) DHW, ¢)
SH/SC demand
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