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Operational Strategies for Serving
the Multi-Energy Demand

Cristian Piran
Dipartimento Energia “G. Ferraris”
Politecnico di Torino
Torino, Italy
cristian.piran@studenti.polito.it

Abstract—Multi-energy  systems (MES) enable the
integration of different energy vectors for serving a multi-
energy demand variable in time. MES operation is constrained
by different kinds of limits, including limits on the components
and limits due to the topology of the interconnections and
technical aspects concerning the interactions among MES
components. This paper presents a novel extension of the
optimization model with linear constraints used in the literature
to solve the MES optimization with constant efficiencies and
coefficients of performance (COP) of the equipment. The
extended optimization model considers non-linear convex
expressions of the equipment efficiencies and COPs and solves
the optimization model with linear constraints in an iterative
way, until the solution does not change more than a specified
tolerance. The optimal MES solutions are shown considering the
operation of a trigeneration system that serves electricity, heat
and cooling loads in winter and summer cases with specific
demand and energy prices, comparing the solutions with
constant and variable efficiencies and COP.

Keywords—Multi-energy system, Operation, Optimization,
Efficiency, Energy hub.

I. INTRODUCTION

In the current trend of energy transition, the deployment
of multi-energy systems (MES) [1] provides viable options
for the integrated use of different energy vectors in various
applications in the industry, the tertiary sector, energy
districts, and the evolving energy communities [2].

The MES modelling is effectively formulated by
following the energy hub framework [3], in which input-
output relations are defined for each MES component, and a
matrix-based model is established both for each component
and for the entire MES. The energy hub model considers the
vector of inputs v;,, the vector of outputs v,,,, and the
coupling matrix €y i, Such that:

Vout = Cout,in *Vin (D

In the definition of the coupling matrix, if the output from
a MES component goes to multiple destinations, specific
dispatch factors are defined to represent the share of the
output that goes to each destination. The coupling matrix
contains both information on the MES topology and the
performance of the MES components. The performance is
expressed by the efficiencies or the Coefficient of
Performance (COP) of the equipment. The dispatch factors
may be taken as degrees of freedom to be used as decision
variables in an optimization procedure referring to a given
objective function.

The coupling matrix may be constructed by visual
inspection of the MES structure. However, for easier
construction, an automatic procedure has been established in
[4], considering the energy hub model with dispatch factors.
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Successively, in [5] it has been discussed that the use of
dispatch factors makes the formulation of the constraints for
the optimization problem non-linear, because of the products
that appear between the decision variables, and a different
partitioning of the system variables was proposed, such that
the constraints are expressed with a linear formulation,
provided that the efficiencies and COPs of the equipment are
constant (typically equal to their values in rated conditions,
i.e., evaluated at full loading). On these bases, the automatic
method for constructing the coupling matrix presented in [6]
does not use the dispatch factors and uses constant
efficiencies and COPs as well.

Further evolutions have addressed the use of variable
energy efficiencies, transforming the non-linear constraints
into linear segments with piecewise linear approximations, as
in [7] and [8]. In the mathematical description of the
segments, a set of secondary variables is needed to represent
the related variables, and further binary values are introduced
for guaranteeing the continuity of the segments. The number
of segments can be chosen by considering the type of non-
linearity of the curve to be linearized.

The piecewise linear approximation can provide a
relatively good representation of the non-linear efficiency
and COP characteristics, at the expense of increasing the
number of variables of the model. However, for the
equipment considered in a MES, the individual non-linear
efficiency and COP curves are generally smooth and convex.
On these bases, the MES representation used in the energy
hub model can be formulated by keeping the efficiency and
COP curves in their non-linear form, by constructing an
iterative procedure to solve the MES optimization, which
iterates the solution of the optimization model with linear
constraints formulated in [5] by changing at each iteration the
numerical values of the efficiencies and COPs. The
development of such iterative procedure is carried out in this
paper, resulting in a novel formulation that does not need the
construction of piecewise linear approximations.

The specific novelties of this paper are as follows:
= The formulation and solution of the MES optimization

including variable efficiencies and COPs defined at

variable loading level of the equipment, as an extension

of the optimization model with linear constraints from [5].
= The assessment of the performance of the proposed

optimization method for solving the MES operation at

multiple time steps, compared with the case with constant
efficiencies and COPs.

The next sections of the paper are organized as follows.
Section II recalls the energy hub model in the formulation
used to define the optimization model with linear constraints
for constant efficiencies and COPs, identifying the types of
variables used and the corresponding matrix formulation. A
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worked example is used to show the modelling details.
Section III describes the proposed optimization procedure
that takes into account non-linear efficiencies and COPs.
Section IV shows the application of the optimization
procedure to representative cases in a trigeneration system
that serves electricity, heat and cooling demand. The last
section contains the conclusions.

II. MATRIX MODELLING OF MULTI-ENERGY SYSTEMS

A. Energy hub model - Worked example

In the basic energy hub model, the multi-energy demand
(e.g., W, for electricity, Q, for heat, and R, for cooling in
Fig. 1) is assumed to be known, with specified demand
patterns in a given time period, represented by either the
sequence of average power values in each time step inside the
period, or by the sequence of energy values. The presence of
multiple equipment enables the definition of multiple ways to
serve the multi-energy demand with different inputs from the
Electricity Distribution System (EDS) and the Fuel
Distribution System (FDS), with different multi-energy flows
consistent with the technical characteristics of the equipment
and with the topology of the interconnections.

The scheme reported in Fig. 1 is used in this paper to
construct some worked examples, without loss of generality
for the concepts addressed. The following equipment is
considered:
= The combined heat and power (CHP) unit, with fuel input

Feyp and simultaneous output of electricity Weyp and

heat QCHP The CHP electrical rating W and thermal

rating QCHP are used as the CHP references. In the input-
output energy hub model, the CHP is characterized by the
electrical efficiency 1y cup = Wenp/Fcup and thermal
efficiency No,cup = Qcup/Fenp-

= The auxiliary boiler AB, which serves as a heat backup if

the CHP is switched off or the heat demand at the thermal

side of the CHP exceeds the thermal rating Qg:l? .

= The electric heat pump EHP, which can supply either the
heat or the cooling output (in different operating modes),
whose  coefficient of performance is COPygyp =
Qenp / Wepp in heating mode and COPggyp = Rgyp/
Wgpp in cooling mode.

= The water absorption refrigerator group (WARG), which
converts heat into cooling, with coefficient of
performance COPyarc = Rware/@warc-

B. Types of variables

To build the linearized model, the variables that appear in
the multi-energy scheme for representing the energy flows
are partitioned in the following vectors:

Eps [ Webs Wo
| Renp
EHP

F Qenp
e CHP Rware

Qwarg
F, WARG
FDS s Qcup
AB Qo
Fag L oxs l

Qa
Fig. 1. Scheme of the multi-energy system considered.

a) output variables:

Vour = [Wo, Qo, Rol" )
b) input variables:
Weps]” 3)

¢) intermediate variables, which include the outputs from
every equipment (for the EHP, the variables Qgyp or
Rgpp could be used in alternative, when the EHP operates
in heating mode or cooling mode, respectively):

= [Wecup, Qas,

Vin = [Fps,

Rwarg]”

“4)

d) augmented variables, which in each bifurcation with n
branches represent (n-1) degrees of freedom involved; a
bifurcation occurs when two or more paths are originated
by the same energy vector; from Fig. 1, this happens for
the fuel, where the total fuel Fppg bifurcates into Feyp
and F,, for electricity, where there is the bifurcation into
Wenp and W, and for heat, in the bifurcation into Qwarg
and @, as well as in the bifurcation in which the part Q,,
of the heat can be wasted to the ambient and the remaining
heat goes forward:

Vimd Qcup, Reup,  Qrups

Wenp, Qwarcs Qa]T ©)

Vaug = [Fenp,

The contents of the vector X = [ Vin, aug] are not known
and are the decision variables of the problem.

The contents of the output vector v, are known and in
this formulation do not depend on the multi-energy variables
or parameters. Hence, these components remain constant, in
such a way that the operation of the multi-energy system can
be optimized without changing the user’s multi-energy
demand.

The contents of the intermediate vector v;,q are not
known; however, these contents represent output values that
are bounded by the reference (rated) values of the equipment,
that is:

(ref) W(ref) (ref)

(ref) p(ref) A (ref) (ref)
Vina = Werp » Qciip» Qap + R NG

AB ’"“EHP’ XEHP’ WARG

C. Coupling matrix

The energy balances of the three energy vectors can be
written by visual inspection, as follows:
a) For electricity:

Weps + w.cup * Feup—Wenup — Wp =0 (7
b) For heat:
Nw,cup * Feup + Nap * (Frps—Fenp) +
+COPygup * Wenp + —Qwarc — Qo =0 ()
¢) For cooling:
COPggup * Wenp + COPwarg " Qwarc — Ro = 0 ©))

The matrix equation of the system is written in a compact
form as in [5]:

Vout _ Cout,in Cout,aug Vin Vin (10)
Vimd Cimd,in Cimd,aug Vaug Vaug
where C,,ti, 18 the classical coupling matrix used in the

energy hub model [3], and C is the augmented coupling



matrix [5]. The entries of these matrices combine
information on the efficiency and COP of the equipment
with the topology of the interconnections inside the system.

For the worked example, the augmented coupling matrix
is written as follows:

[ 0 1 TIW,CHP _1 0 0 T
Nag 0 7ocup —NMag  COPyeup -1 -1
0 O 0 COPrgyp COPyprg O
0 O Nw.cHp 0 0 0
C = 0 0 nQ,CHP O 0 0
Nag 0 —NaB 0 0 0
0 O 0 COPg gup 0 0
0 O 0 COPy gup 0 0
[ 0 O 0 0 COPyprg O
(11)

The first three rows of the matrix C contain the
coefficients of the energy balances (7)—(9). The other rows
contain the coefficients of the output-to-input relations for the
individual equipment.

C. Optimization model with linear constraints

If all efficiencies and COPs are constant, considering an
objective function f{x), e.g., to minimize, it is possible to
construct an optimization model with linear constraints,
which uses the sub-matrices of the matrix C as coefficients,
as follows:

min{f (x)} (12)
s.t. Vour — [Coutin Coutaugl X =0
Vi(;ledf) - |Cimd,in Cimd,augl x>0

The objective function can be for example the minimum
operation cost, formulated taking into account the fuel price
P, the price py 1,y of the electricity bought from the EDS,

and the price py, g1 Of the electricity sold to the EDS, as:

f(X) = pr " Feps + Pw puy - max{Wgps, 0} +
+pw sen - Min{Wgps, 0} (13)

Additional constraints can be included, such as the
minimum technical limit of the CHP, below which the CHP
is switched off. In this case, the domain of definition of the
CHP operation would become discontinuous. However, the
discontinuity can be handled by introducing a binary variable
u, writing the CHP limits (W ™5™, W "D on the electrical

output as Wy < Weyp < WSEDu [11]. Then, the two

inequalities can be partitioned as Weyp = Wc(ggn)u, and

~Wewp = —W 5Dy, The limits on the CHP thermal output

can be handled in a similar way.
This optimization problem can be solved with a standard
solver that handles linear constraints.

III. EXTENSION OF THE OPTIMIZATION MODEL TO CONSIDER
NON-CONSTANT EFFICIENCIES AND COPS

A. Non-constant efficiencies

The optimization model with linear constraints provides
the optimal solution in a simple way when the efficiencies
and COPs are constant. However, the hypothesis of constant

efficiencies and COPs is generally too limiting to
characterize the input-output performance of the multi-
energy system in a practically meaningful way.

Considering the typical efficiency curves of the
components, drawn from experimental results available in the
literature and synthesized in [12], it can be seen that:

a) For the AB, an expression that represents the AB
efficiency 7,5 in terms of the heat output Q45 , the heat

output level g5 = Qap/ Q(ref) the AB losses Q(losses), and

the relative AB losses q(losses) (losses)/ Q(ref)
q
NaB = I?IE:)sses) (14)
qABtdap
(losses)

where the relative AB losses Q,p can be written in a

polynomial form, considering the curve-fitting coefficients
Vg, U; and v,:
1

CI./(x]ca,SSES) = Uy +V; " qap + V2" Gap (15)

b) For the CHP, the partial-load electrical and thermal

efficiencies ( My cyp and Ngcyp , Tespectively) can be

approximated in a linear way, or with a second-order model

in the region of CHP operation (from the minimum technical

limit to the rated conditions):

Nw.enp = Cwo + Cw1 " Wenp + w2 - Weip (16)

No.cip = Coo + €o1 " Qcup + o2 * Qéup 17

where the terms ¢y o, Cy 1, Cw2,> Cgo»> Coa» and Cq, are
curve-fitting coefficients.

B. Non-constant COP

For the WARG, based on the typical partial-load
performance, the COP variation with respect to the cooling
output Ry arg and cooling output level ryarc = Rwarg/

(ref)
RWARG can be expressed as

TWARG (1 8)

2
TWARG1S0+$1T"WARGHS2 TWARG

COPwagrG =

where ¢, ¢; and ¢, are curve-fitting coefficients.

For the EHP, the main dependence of the COP is on
temperature. Therefore, at a given temperature level, for the
application presented in this paper the COP is considered
constant.

C. Computational aspects

A significant practical aspect is that, as seen in the
previous section, the efficiencies and COPs at partial load are
generally linear (thus convex), or non-linear and convex.
Based on this consideration, in this paper the use of the linear
optimization procedure [5] is extended to the case with non-
constant efficiencies and COPs by creating an iterative
procedure that updates the parameters until an effective
optimal solution is found (Fig. 2).

Under the above assumptions, the variables and
parameters of the optimization procedure are identified as
follows:

X = [Feps, Weps, Fups Wenp, Qware: Qal™ 5 vector of the
optimization variables; and,

§= [nAB, TNe.cup» Tt.cHP COPWARG]T, vector of the variable
parameters (efficiencies and COP). The EHP parameter is
considered constant in this example.



The main steps of the overall optimization procedure

(summarised in Fig. 2) are:

a) Initial optimal solution: the optimization (12) of the
multi-energy system operation is solved with constant
efficiencies and COPs, equal to the rated values,
obtaining the output variables.

b) Efficiency and COP update: calculation of the new
efficiencies and COPs from the equations indicated in
Section III.A and Section II1.B, respectively.

c) lIterative re-optimization: the optimization (12) is
executed again with the updated efficiencies and COPs;
the steps b) and c) are repeated until the stop criterion is
satisfied.

d) Stop criterion: the procedure stops when the maximum
variation of the variables in two successive iterations is
lower than the predefined tolerance €.

Optimization of the operation
point with constant efficiencies

¥

Compute efficiencies starting
from the output variables of
the optimized solution

v

[ Optimization of the operation ]

point with the new efficiencies

Stop criterion
satisfied?

Fig. 2. Flow-chart of the procedure to carry out the optimization with non-
constant efficiencies.

Concerning the computational burden, the computation
time ratio 7, is defined as the ratio between the computation
time with variable efficiency and the computation time with
constant efficiency. Moreover, the average computation time
per iteration 7, is also considered in the cases with variable
efficiency.

IV. APPLICATION TO REPRESENTATIVE CASES

A. Multi-Energy System Data

The case study presented in this paper considers the multi-
energy scheme shown in Fig. 1. The rated values of the
equipment used (size and efficiency or COP) are indicated in
Table 1. For each equipment represented with non-constant
efficiencies or COP, Fig. 3 shows the variability of the related
parameter in function of the loading level. The curve-fitting
coefficients used are indicated in Table II.

TABLE I. RATED VALUES FOR THE EQUIPMENT CONSIDERED

W,CHP | O,CHP | AB | WARG | Q,EHP | R,EHP
size [KW] 300 450 800 400 400 400
efficiency 0.3 0.45 0.85 0.65 3 3
or COP

09

0.8 AB efficiency

0.7F
06 COP WARG
05

0.4

CHP thermal efficiency
0.3

7776|—TPgectrical efficiency

0.2

0.1

. .
0 0.1 0.2 03 04 05 06 07 08 0.9 1
loading level

Fig. 3. Variable efficiencies and COP of the equipment.

TABLE II. CURVE FITTING COEFFICIENTS

W,CHP 0,CHP AB WARG
Cwo =024 Co0 =036 Up = 0.0347 ¢o = 0.0987
Cwa = 0.06 Co1 =0.09 v, = 0.1005 ¢ = 0.1067

Cwa=0 Coz =0 v, = 0.0413 ¢, = 0.3331

The analysis is divided into two representative days, for
the winter period and for the summer period, respectively. In
the winter period the EHP operates in heating mode, while in
the summer period the EHP operates in cooling mode. The
electrical, heating and cooling demand is shown in Fig. 4 for
the two periods. The electricity and fuel prices are reported in
Fig. 5, with indications in monetary units (m.u.).

600 - winter

400

kW

heat

200 F
electricity cooling
0 \ \ ) | . \ )

0 3 6 9 12 15 18 21 24
hour

600
. summer
cooling

400

kw

200 - electricity

S

‘ heat ‘ ‘

0 3 6 9 12 15 18 21 24
hour

Fig. 4. Electrical, heating and cooling demand in the winter and summer

periods.

B. Hourly Optimization Results

The optimization is carried out by considering the
minimum cost (13) and the constraints indicated in Section
I1.C. The tolerance for the stop criterion is set to 107.

Fig. 6 reports the number of iterations of the optimization
with variable efficiencies and COP. In the summer cases,
there are some hours in which the heat demand and the
cooling demand are null. In these cases, there is no need for
running the optimization, as the CHP is switched off and the
electrical demand is served from the EDS. For this reason, the
number of iterations reported is null and the cost has a unique
value, which depends on the electricity bought from the EDS
and on the price coefficient pyy pyy-

In the winter case, the number of iterations is generally
low (from 2 to 5). In the summer case, the number of
iterations is higher, due to the larger interaction among the
components, in particular, to serve the cooling load.
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Fig. 6. Number of iterations for the optimization with variable efficiencies
and COP.

However, the increased number of iterations does not imply
large fluctuations in the results. For example, considering the
summer case with the higher number of iterations (hour 18,
with 14 iterations to converge), Fig. 7 shows that, with the
strict tolerance used in the stop criterion, the variations in the
CHP and WARG outputs are very low, as there is only a slight
fluctuation in these outputs (detailed for the CHP electrical
output in the zoom of Fig. 8). As such, the proposed approach
provides the solution by using the non-linear representation
of the efficiencies and COP, without the need of resorting to
approximate  representations  (such as  piecewise
linearizations) of the non-linear parameters in function of the
loading level.

Fig. 9 shows the costs obtained from the cases with
constant and variable efficiencies and COP. In the winter
case, the cost with variable efficiencies and COP is generally
slightly higher than the cost obtained with constant values.

OCHP

iteration
Fig. 7. Variations in the CHP and WARG output during the iterative process
in the summer case at hour 18.

2732
27318

27316

S —

4
27314

27312

273.1 I I I I I I )
0 2 4 6 8 10 12 14

iteration
Fig. 8. Zoom of the variations in the CHP electrical output during the
iterative process in the summer case at hour 18.

This happens because there is a prevailing usage of the
equipment to serve heat, in which the efficiency at partial
load is lower. In the summer case, there are a few hours in the
central part of the day in which the cost with variable
efficiencies and COP is slightly lower than the cost with
constant values, mainly due to the usage of the WARG at
partial loading corresponding to higher COP with respect to
the rated COP.

From the results obtained by using a MacBook Pro with
2.3 GHz Intel Core 19 8 core processor, the computation time
ratio is 7, = 3 for the winter case and 7, = 3.8 for the
summer case. The average computation time per iteration is
T, = 0.12 s for the winter case and 7, = 0.15 s for the
summer case.

I

60

@
=]

cost [m.u.]

— Cost with variable efficiencies
— — Cost with constant efficiencies

0 \ \ \ \ \ \ \ )
12 15 18 21 24
hour

cost [m.u.]

— Cost with variable efficiencies
— — Cost with constant efficiencies
o i ; ; ; . . . )

0 3 6 9 12 15 18 21 24
hour
Fig. 9. Operation costs in the cases analysed in the winter and summer
periods with constant and variable efficiencies and COP.



C. Example of Optimization Results for a Selected Hour

The hourly average power resulting from the optimization
with constant and variable efficiencies and COP are shown in
Fig. 10 for the winter case study at hour 11:00, and in Fig. 11
for the summer case study at hour 11:00. In both cases, the
solutions with constant and variable efficiencies and COP are
consistent and slightly different only depending on the
performance of the equipment used.

EDS | Weps
433.33 | R
EHP
——>|
Wenp EHP T
0 Wenp Rwara
F, 13333 |Qunp 120
CHP CHP 400
0
Qwarg
Feps WARG
FDS Qcup 184.62
452.49 0
Fap AB Qo=600
452.49 Qa
384.62
Qa

0
a) constant efficiencies and COP (values in kW)

EDS | Weps
433.33 R
EHP
——|
Wenp EHP 0
0 Wenp Rwara
13333 |o
F EHP 120
cHP CHP 200
0
Qwarg
oS Fips WARG
Qchp [184.28]
458.28 0
Fap AB Qo=600
458.28 QaB
384.28
Qa

0

b) variable efficiencies and COP (values in kW)

Fig. 10. Optimal solutions at hour 11:00 in the winter case study with
constant and variable efficiencies and COP.

EDS Weps Wo=300
74.17
| REHP
Wenp| EHP %225 Ro=450
300 EHP Rwara
Feup chp 74.17 (gm 227.5
1000
Qwarg
Frps Qcup WARG
FDS 450 350
1000
Fap AB Q=100
0 Qas l
0 Qa
0

a) constant efficiencies and COP (values in kW)

EDs | evs W,=300
70.68
Renp
Wewp| EHP 1203 Ro=450
300 EHP Rwara
Fenp cHP 70.68 geup 237.97
1000
QWARG WARG
FDS Frps Qcup 350
1000 450
Fap AB Qo=100
0 L o l
0
0

b) variable efficiencies and COP (values in kW)

Fig. 11. Optimal solutions at hour 11:00 in the summer case study with
constant and variable efficiencies and COP.

In the winter case, the CHP is switched off. The EHP
operates at its maximum capacity and has constant efficiency,
so that there is no variation on the electrical side. The only
difference appears on the AB, with lower efficiency at partial
loading with respect to the rated efficiencies, while the

WARG has a slightly higher COP with respect to its rated
COP. As a result, at variable efficiencies and COP the fuel
input is higher and increases the total operation cost.

In the summer case, in both solutions the CHP operates at
its maximum loading and the AB is not used, so that the fuel
input is the same. With variable efficiencies and COP, the
WARG has a higher COP with respect to its rated COP, so
that less cooling output is requested from the EHP. Thereby,
the electricity bought from the EDS is lower, and the total
operation cost is lower than with constant efficiency and
COP.

V. CONCLUSIONS

This paper has presented an extended optimization
procedure that iterates the optimization model with linear
constraints to provide the optimal solution when the
efficiencies and COPs of the MES equipment are variable
with the loading level. The extended optimization procedure
has been used to define optimal operational strategies in
different periods, represented as a winter case and a summer
case with different contributions of the electricity, heat and
cooling patterns, and different energy prices. The results
show that the proposed optimization procedure is viable and
can reach the optimal solution after a limited number of
iterations also with strict tolerance for the stop criterion.

Further work is in progress to apply the extended
optimization procedure for identifying the MES flexibility in
the optimal MES operating conditions, considering the
construction of the feasibility regions [11] and of the MES
flexibility maps [12], for different types of multi-energy
energy systems, districts and communities.
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