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Heat pumps are very significant for wide application of renewable energy sources
and sustainable heating. Their market penetration and extensive application de-
pend on economic performance. Optimization of the operation parameters of en-
ergy systems with heat pumps can result in lower costs and higher savings. Heat
pumps operate under different electricity pricing structures, which affect the op-
timization process. This paper presents a methodology for cost-optimal operation
optimization of hybrid energy systems with heat pumps that can be used with pro-
gressive electricity tariffs and their combination with time-of-use tariffs. It relies
on mixed integer linear programming and includes the constraints that handle
electricity tariff rules. The paper illustrates an example of the application of this
methodology to a heating system with an air-source heat pump and an auxiliary
heater. The results show the impact of the energy prices and electricity tariff struc-
tures on the operating regimes and the values of the objective function. This ap-
proach can enhance the quality of the optimization results and improve the com-

prehension of cost-optimal operation regimes.
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1. Introduction

A heat pump (HP) uses electricity to provide heating, cooling, or hot water efficiently. HPs driven by elec-
tricity obtained from environmentally friendly sources can contribute substantially to sustainable heating [I].
They are a very important option for the wider utilization of renewable energy sources []. The environmen-
tal impact of HPs varies across countries, depending on the energy mix. Topi¢ BoZi¢ et al. analyzed their
impact for the cases of Slovenia and Serbia. The exergy analysis is given in [@] for an air-source HP (ASHP)
and in [8] for a ground-source HP (GSHP).

Market penetration and broad adoption of HPs depend largely on their economic performance, which is
related to many factors, e.g. investment costs, energy tariffs and prices, climate conditions, choice of system

design and operation parameters, efc. Kossi and Rama [B] illustrated the impact of electricity prices on the
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economic feasibility of GSHP and underlined the importance of heat storage (HS). Joki¢ et al. [[Z] concluded
that GSHP with closed loop is a feasible alternative to electric heating for households in Serbia.

Optimal operation of HPs can reduce operational costs and improve their attractiveness, especially when
they are part of complex hybrid systems. Operation optimization (OO) can be applied while running energy
systems, but also as a part of design optimization. Pesola [RB] underlined the importance of cost optimiza-
tion of hybrid systems that integrate ASHPs with existing centralized district heating systems. Mixed integer
linear programming (MILP) is one of the best adopted optimization techniques for energy systems. It can
guarantee the global optimality and precision of the solution. However, MILP models can be hard to for-
mulate and computationally intensive to solve. Kriitzfeldt er al. [9] presented an integrated approach to the
design and operation optimization of an HP system of a residential building with MILP. The study considered
space heating and hot water preparation, and the system contained one HS for each type of demand. Aguil-
era et al. [1U] used forecasts of the heat demand and exterior temperature to formulate an MILP model that
reduces the operating cost of a large-scale HP with storage, considering the degradation of HP performance
over time. Metaheuristic methods are also convenient to optimize HP operation. Compared to MILP, they
are less precise but easier to formulate. For example, Li et al. [IT] performed multi-objective optimization
of a photovoltaic system (PVS), HP, and HS with the non-dominated sorting genetic algorithm II.

Heat pump energy systems can operate under various electricity pricing rules, depending on the country
and sector. Tariff regulations can have a significant impact on the operating regime of an energy system
and related costs. This paper focuses on progressive tariff (PT) systems, also known as increasing block
tariff systems. The first block or tier of PT corresponds to low energy consumption and low price. When
consumption exceeds the threshold of a tier, the price increases. There can be multiple blocks, corresponding
to the increasing threshold and price values [I2]. PT can be combined with a time-of-use tariff (TOUT) [I3].
TOUTs have regular price variations during the day. Higher prices usually correspond to peak demand hours
and lower prices to off-peak hours [14]. PT prices and thresholds can vary throughout the year [15].

Youn and Jin [I6] examined the effects of the PT system in South Korea and concluded that it can be
successful in reducing electricity consumption in households, especially during summer. In addition, they
are more effective than feed-in tariffs, according to Prasanna [I?]. However, Quan and Kim [I"7] have shown
that South Korean PT led to increased consumption in some cases and appeared to be beneficial to the higher
income population. Matar [I8] emphasized the impact of building insulation and household income in the
context of analyzing the dependence of electricity costs on the pricing scheme. Bae and Nam [19] analyzed
the economic attractiveness and zero energy potential of a real system with GSHP and thermal-PVS with
various pricing schemes, including PT.

The energy prices formulated within a PT system or a combination of PT and TOUT system, significantly
increase the complexity of OO problems related to energy systems with HP, PVS, electric storage, etc. This
happens because the price of electricity in each time step depends on the amount of electricity previously
consumed. Since consumed electricity is usually either a decision variable or depends on decision variables,
electricity price cannot simply be considered as an input constant.

Jung et al. [20] presented an MILP approach to multi-objective optimization of energy supply scheduling
based on PVS, storage, and grid connection, under PT. The MILP problem is solved for one day horizon at a
time. PT pricing is taken into account with an iterative procedure that involves updating the price of electricity

and re-optimizing. This procedure is conveniently combined with the e-constraint method. Kang et al. [2T]



solved a similar problem with reinforcement learning (RL) and verified with the MILP-based approach from
[20]. They concluded that the proximal policy optimization approach suggests the best decisions of all RL
methods applied to residential buildings. Similarly, Dou et al. [22] concluded that the trust region policy
optimization algorithm has the best performance among the four observed RL methods and is comparable
to MILP, while having a simpler structure. In addition, RL is used to solve the multi-objective problem of
sizing and scheduling a system with PVS and storage in [23]. PTs are also considered during the analysis of
electricity price trading by Zhang et al. [?4], and for the optimization of the price with the genetic algorithm
by An et al. [T5].

This paper presents and applies an MILP model for the OO of a hybrid heating system that contains
HP and an auxiliary heater (AH). The model is suitable for the PT electricity prices defined on a monthly
basis, as well as a combination of the PT and TOUT prices. It can be based solely on predicted data or
on a combination of historical and predicted data. The objective function is the variable part of the annual
energy cost, i.e. the part of the cost that depends on the operating regime of the system. The considered
system is simple because the focus of the paper is on handling the constraints related to the tariff tiers.
However, this model can be adjusted to handle complex systems with additional components and more
detailed mathematical formulations.

In addition to the examples from the literature that optimize HP systems under PT with either approxi-
mate iterative MILP solutions or RL approaches, this paper offers a methodology that can solve the optimiza-
tion problem entirely with MILP for the whole month, year, or several years. As such, it can find the global
optimum and guarantee that the solution accuracy is within the predefined limits. The approach is flexible
and extensible. It can be implemented in various cases, for many different energy system configurations,
expanding the understanding of desirable operating regimes under complex pricing rules and their impact on
the environment. This is particularly important for the case of Serbia that has PT and TOUT, and plans to
significantly increase the application of HPs in buildings and district heating during the next 15 years [23].

2. Methodology

The methodology for finding the cost-optimal operation of a hybrid energy supply system with HP and AH
is based on an MILP model. It can be applied to some variants of PTs, and combinations of PTs and TOUTs.
The version of the model presented in this paper is suitable for three-tier PTs.

In addition to the usual decision variables and constraints that ensure component operation within pre-
defined capacities, demand satisfaction, and energy balance, the model is extended to handle PT rules and
limitations. The variable that represents the amount of electrical energy imported from the national electrical

grid is divided into three decision variables, each of which corresponds to one PT tier or block.

2.1. Objective function

The objective is to minimize the annual variable cost of electricity and heat, Cy,,, expressed in Serbian dinars

(RSD). The mathematical formulation of the objective function is given in Eq. ():
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where:

¢ m is the index of the month;
* 7 is the index of the observed time step of a month;

* Ceap 18 the capacity price of electrical power for the month m, in RSD kW™ L

. Wgﬁap is the charged electrical peak power for the month m, in kW;

il Cor » and ¢y are the prices of electrical energy for all three tiers, for the month mn and time

step 7, in RSD kWh™!;

. W”ZIT, W"tLZT, and W 3 are the amounts of electrical energy imported from the grid for all three tiers,
for m and 7, in KkWh;

* ¢ "7 is the price of the energy source used to drive AH for m and 7, in RSD KkWh™1;

*C

¢ QIT " is the heating energy obtained from AH for m and 7, in kWh;
i ntT a’}‘lr is the efficiency of AH for m and 7.

In some cases, depending on the PT formulation, We"éap can be predefined and considered as input to the

model. Then the corresponding term can be removed from Eq. ().

2.2. Decision variables

The continuous non-negative decision variables are the charged electrical power, We"éap, in the cases when
it is not predefined; electricity imported from the grid for all tiers, W7, W.5", and W3"; heat from AH,
Qpan s and heat obtained from HP, thhT, in kWh.

The model uses one auxiliary binary decision variable for each tier and each time step to properly con-
strain imported electricity for all tariff tiers. These variables are denoted with §;}""", §,,"", and d;3"", for the
PT tiers t1, t2, and t3, respectively. They indicate whether electricity is charged within a particular tier during

the month m and time step 7.

2.3. Constraints

The electricity imported from the grid for each time step of a month is bounded with the peak power for that
month. As already mentioned, this upper bound can be either an input or a decision variable. Similarly, the
heat obtained from HP and AH is constrained by their capacities. The capacity constraints for the month m
and time step 7 are given in Eqs. (D):

We tl W t2 + Wgz;— = WgréapAT v (m, T) (23)
Qh Jhp < Qh Lhp, cap v (m7 7—) (2b)
;lr,Lal: < Qh ah capAT v (m’ T) (ZC)

where AT is the duration of a time step, in hours, while Qh hpcap and Qh ah.cap € the HP and AH capacities,
respectively, in KW. The capacities are inputs to the model, but can vary with time (e.g. depending on the
ambient temperature in the case of ASHP).

The electricity from the grid satisfies the electricity demand and drives HP. Similarly, the heat generated

by HP and AH fulfills the heat demand. The constraints that ensure energy balance and demand satisfaction



are given in Egs. (B):

; . . Qump .
Wi+ WesT +Wis — aopme oéh”%f = Wi ¥ (m,7) (3a)
p
Qnpp T @nan = Qndemana ¥ (M,7) (3b)

where COP0" is the coefficient of performance (COP) of HP, which can vary with time, while Wil

and Q" . are the demands for electricity and heat, respectively, in kWh.
The cumulative import of electricity from the grid for the month m and time step 7' is the sum of the

amounts of electricity imported from the beginning of the month to 7', inclusive, as defined in Eq. (B):

T
Wt = > (WO + W0 + W) and With, =0 4)

e,cum e,tl e,cum
=1
Given the predefined electricity consumption thresholds for each month m, W and W, in kWh,
which represent the lower and upper bounds of the middle tier, respectively, i.e. the limits between the tiers,

the constraints related to the PT rules are defined on a monthly basis in Eqs. (B)—(IJ).

Equations (B) impose the widest bounds on the grid electricity variables W.';", W™, and W_';", and

connect them to the corresponding indicator variables 6;,"", 63", and &;3"":

W < Whoy™™ v (m,T) (5)
WesT < (Welip — Welb)op™ ™ ¥ (m,7) (5b)
We’ff{ < Mog" Y (m,T) (5¢)

where M is a sufficiently large constant.
Equation (Bd) requires that at least one indicator variable is positive for each time step, while Eq. (BH)

prevents the possibility that electricity is charged in tiers 1 and 3 and not in tier 2, during the same time step:

ST 0T+ 65T >1 Y (m,T) (62)
0y " =0T 05T <1 Y(m,T) (6b)

Equations (@) ensure that electricity can be charged in tier 1 only if the cumulative electricity for the

previous time step is lower than or equal to the threshold Wy :

oy — WIbrt < Mo Y (m,T) (7a)
Wty — Wit > M6 — 1) V(m,7) (7b)

According to Egs. (B), electricity can be charged in tiers 2 or 3 only if the cumulative electricity for the

current time step is not lower than the threshold W[}, :

o — Wit < M1 —05"7) vV (m, ) (8a)
oo — Weleum < M(1 —65"7) VY (m, ) (8b)
olb — Weeam = —M (05" 4+ 63"7) ¥V (m,7) (8¢)



Equations (9) ensure that electricity can be charged in tiers 1 or 2 only if the cumulative electricity for

the previous time step is not greater than the threshold W, :

e,ub*
Wl = Wiy < M(1—67") v (m,T) (%a)
Wt ' — Wiy < M(1—65"7) v (m,7) (9b)
Wt b = Wty = =M (67" +65°) ¥ (m,7) (9¢)

According to Egs. (), electricity can be charged in tier 3 only if the cumulative electricity for the

current time step is greater than or equal to the threshold W', :

Woer, — Wiy < M3 Y (m, ) (10a)

e,cum

W — W > M(85T —1) Y (m,7) (10b)

e,cum

Equations () impose the constraint that electricity can be charged in tier 2 only if the sum of electricity

from tier 1 and the cumulative electricity for the previous time step is equal to the threshold W[, :

WINT + Wi b — Wi < M(1—63"7) Y (m, ) (11a)

et e.cum

WO + Wi b — Wiy > M7 + 657 —2) V(m,7) (11b)

e,tl

Similarly, Egs. (%) allow electricity to be charged in tier 3 only if the total electricity from tiers 1 and 2

and the cumulative electricity for the previous time step is equal to the threshold W[}

We’;‘{ — (Wl = Wiy) = M6 + 057 + 657 —3) V(m,7) (12a)
Wi+ Wosm + Wi — Wiy < M(1—6577) Y (m,7) (12b)
Wom + Wi + Wl — Wiy = M55 + 657 —2) Y (m,T) (12¢)

Depending on the actual PT rules, some of the existing constraints might be modified and additional

constraints may be added to the model.

2.4. Additional considerations

The energy system modeled in this paper is simple because the focus is on handling electricity from the grid
and particularly the rules of PTs. The model presented here can be extended to the level of details provided

in [26, 7], including:

* Lower bounds of Q) };; and Q1 , as well as the dependence of COthp’T and 7, on the part load
ratio, by using semi-continuous and binary decision variables;

* Other components, such as HS, boilers, cogeneration, solar thermal, and PVS, as well as multiple
components of the same kind;

* Cooling components and demand;

* Additional objectives, i.e. multi-objective optimization.

This approach is also not limited to three-tier applications.
The problem presented here can be decomposed over time into a sequence of smaller problems related

to each month separately. They can be solved one at a time, reducing computational time and effort. If



there are no constraints connecting the decision variables from distinct months, as in this simple case, the
decomposition does not suffer from any loss of precision.

The model is implemented by the first author of the paper, in the Python programming language. MILP
problems are solved with Gurobi Optimizer [2¥].

3. Results and discussion

The methodology for OO of hybrid energy systems is illustrated with an example of a residential building.
The total floor area of the building is 180 m?. The energy demand is estimated with the EnergyPlus software
[?9], using the typical meteorological year for the City of Ni§, Serbia. The electricity demand is satisfied
with the energy from the national electricity grid. The heating demand is met with ASHP and AH. The
capacity and COP of ASHP, and their dependence on the ambient conditions, are realistic and obtained from
the manufacturer. AH is a hypothetical heating device.

The electricity prices are adopted according to the Serbian tariffs. This paper considers three electricity
tariff cases: (1) PT, (2) combined PT and TOUT (CT), and (3) TOUT. Table @ summarizes the prices for
three-tier PT and CT. They are expressed without any taxes or incentives, including the value-added tax of
20%. However, taxes are taken into account in the calculations. The prices for TOUT and CT are given for
peak hours (16 hours during the day) and off-peak hours (the remaining eight hours during the night and
early morning). The TOUT-only case is hypothetical and takes the prices from the middle tier of CT. The
capacity charge is fixed and therefore not taken into account for OO. The thresholds of the tiers are given for
a period of 30 days. For longer and shorter months, they are corrected proportionally.

The price of heat generated by AH ranges parametrically from zero to 16 RSD kWh~! and is constant
throughout the year. It includes the price of the energy source used to drive AH and the efficiency of AH
from Eq. (I0). This assumption allows for the analysis of optimal operating regimes for various types of AH,
e.g. gas or biomass boilers, district heating, solar thermal systems, etc.

The optimization procedure based on the presented methodology is carried out for a seven-month hori-
zon, i.e. from October to April, with a time step of 1 h.

The values of the objective function defined in Eq. () vary significantly with the price of AH heat and
the electricity tariff. Figure 0 illustrates these values. Each combination of heat price and tariff corresponds
to a particular operating regime of the heating system.

The objective value increases with rising heat price. This is partly a direct consequence of the heat price
impact on the variable cost but also caused by the decrease of the AH usage in the optimal operating regimes.
For high heat prices, the objective becomes constant because AH is not used at all.

The variable cost has the highest values for the TOUT case and the lowest for CTs. The difference

Table 1. The prices of electricity, in RSD

Progressive tariff Combined tariff
Tier name Threshold [kWh] All hours Peek hours Off-peak hours
Green zone Up to 350 7.9706 9.1092 2.2773
Blue zone From 350 to 1600 11.9558 13.6638 3.4160
Red zone From 1600 239117 27.3276 6.8319
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Figure 2. Annual heat demand covered by the heat pump for various tariffs and heat prices

between the two cases is approximately 17% for the zero heat price and decreases to less than 4% for high
heat prices. This is mainly due to the fact that TOUT does not have low prices from the first tier (green zone).
In contrast, CT has a very low electricity price in the first tier, during off-peak hours. Unlike TOUT, PT and
CT also have high electricity prices from the third tier (red zone). However, they are active and impact the
solution only when the AH heat price is large and HP covers most or all the demand.

Figure D shows the share of the annual heat demand covered by HP. The share is 0% for the zero heat
price because it is not optimal to use HP at all due to the free heat from AH. It rises gradually with increasing
the heat price of AH, until it reaches 100% for high heat prices. Higher AH heat price implies operating
regimes that rely less on AH and more on HP.

The slowest increase in HP share is observed under PT. This is because PTs do not have low electricity
prices off-peak. In addition, the threshold of the first tier is below the user electricity demand, therefore, the
additional electricity consumed by HP increases the consumption in the second and third tiers. The fastest
increase is under TOUT because it has off-peak prices and does not have the red-zone prices.

Figure B indicates that it is optimal to run HP and consume electricity in the third tier when the price
of AH heat is very high, in this case at least 10 RSD kWh ™. In addition, this is also acceptable during the



Time of use tariff Progressive tariff Combined tariff

HE Tier 1
.5 Hl Tier 2
g- B Tier 3
3 10000- :
cc
S= 8000 :
>
S 6000-
© 4000-
<
' 2000- I I I I
00 2 46 810121416 0 2 4 6 810121416 0 2 4 6 8 10121416
Price of heat from the auxiliary heater [RSD kWh]
Figure 3. Electricity consumption for various tariffs and heat prices
1750- . T!er 1
S BN Tier2
1500 EEE Tier 3
:Es 1250-
0 —
cc
S= 1000
>
‘S 750-
S 500
w
250-
October November December January February March April

Month

Figure 4. Example of electricity consumption by tier

off-peak hours for CT. Figure B provides an example of the monthly electricity consumption by tiers for the
case when the AH heat price is 12 RSD kWh~!. It can be seen that the thresholds of the tiers are such that
electricity is consumed in the red zone only when the demand for heat is very high, i.e. during December,
January, and February.

Figure B shows the coverage of the heat demand with HP and AH when the price of heat is 6 RSD kWh™?.
It indicates that AH is used during the coldest months, either to avoid electricity consumption in the third
tier, for PT and CT, or when the temperatures are very low and cause small values of HP COP. Figure B
clarifies this further with examples of hourly schedules during a day in January. In the case of PT, HP is used
when the outdoor temperature is relatively high, and so is COP. CT makes HP operation desirable during the
off-peak hours due to a low electricity price, despite low COP values. However, in these two cases, HP usage
is reduced to avoid the third tier. In the case of TOUT, this is not a concern, so HP can be used all the time.

Aggregating hourly values of heat generated by HP and AH can yield annual and monthly diagrams
which show head demand coverage by components. They are given for the case where the price of AH heat
is 6 RSD kWh ™!, in Figures @ and B. The former shows that HP is always used when the outdoor temperature
exceeds 0°C for CT and even lower values for TOUT and PT. The latter shows that for the case of PT, the
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temperature of —5°C represents the threshold value for using HP or AH. This value is different for each
month and depends on prices, efficiencies, tier thresholds, total electricity and heat demand, etc. For TOUT
and CT, the distribution also depends on peak and off-peak hours.

Optimization problems do not need to be solved for the entire year or month. It is possible to apply
this methodology at a particular time during a month to optimize HP scheduling until the end of the current
month. Historical values for that month can be used as input, along the future predicted values.

One option to avoid consuming electricity in high-price tariff tiers or during peak hours is the application
of absorption [27] and adsorption [BU] HPs and cooling devices. Krzywanski et al. [B1] presented a method
to evaluate their performance in heating and cooling systems, which might be combined with the approach
shown in this paper. These devices can be driven with bio-fuels, geothermal energy, Solar energy, district
heat, waste heat, etc., but they are particularly interesting in the context of using waste heat [B7]. This
approach allows the integration of such components — either alone or in the combination with compressor
HPs and chillers — and the examination of their feasibility and effects on the costs and environmental impact.

From the aspect of practical application, the main limitation of this method is the fact that it needs

predicted inputs — electricity and heat demand, but also the variables that determine the HP performance —
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until the end of the observed month, when applied in real-time. It is possible to partly overcome this issue
with machine learning methods that provide precise forecasts of input variables or learn rules of the optimal
operation schedules.

The other potential limitation is the fact that the described MILP model is significantly more complex
compared to the cases that consider only simple flat or TOUT tariffs. As a consequence of complexity, its

implementation might and probably will be computationally intensive, requiring significant time and effort
for problem solving.

4. Conclusion

This paper presents a methodology for determining cost-optimal operation regimes of hybrid energy systems
with heat pumps. The methodology is suitable for the cases with progressive electricity tariffs, possibly com-
bined with time-of-use tariffs. It uses mixed integer linear programming to solve the operation optimization
problem that minimizes the variable operation cost. The most challenging issue related to the optimization

with progressive tariffs is the fact that the price of electricity at each time step depends on the past energy
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consumption and therefore cannot be considered an ordinary input variable. For this reason, the mathemat-
ical model contains the constraints that handle tariff rules and limitations in addition to customary capacity
and demand-satisfaction constraints.

The methodology is applied to a case of electricity supply and heating a residential building. The heat
demand is covered with an air-source heat pump and an auxiliary heater, while electricity is imported from the
national grid. Three cases with specific electricity pricing are observed: (1) time-of-use tariff, (2) progressive
tariff, and (3) their combination.

The results indicate that the choice of the structure of the electricity tariff might have a significant impact
on the cost-optimal operating regimes and the values of the objective function. The energy prices and their
ratios, tier thresholds, and outdoor temperature that affect heat pump efficiency are also very important.

The value of this approach is that it can provide more precise results of operation optimization and,
consequently, a better understanding of the potential to reduce costs and related consequences. It can also
improve the comprehension of recommendable and preferable operation regimes in specific cases, but also
optimal design solutions for heating systems.

There are two main limitations. The first is the requirement to predict input data until the end of the
current month in real-time applications. It might be partially resolved using powerful machine learning tech-
niques. The second is the increased computational intensity of the problem-solving process. Future work
might focus on overcoming these limitations.

In the future work, this approach might be extended to analyze more complex energy supply systems
that might include cooling applications, the integration of thermal storage, photovoltaic panels, as well as
absorption and adsorption devices. Another direction could be adjusting the methodology to be able to define

near-optimal operating strategies in the real time.
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