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Abstract

The increasing penetration level of renewable energies requires more flexibility measures at the consumption side. Flexible energy
prices have been placed by energy providers to promote flexibility measures from energy users. However, because of the current
energy supply system in buildings, these flexible energy prices haven’t been fully taken advantage of. This study focuses on the
integrated energy supply system in buildings. A Swedish office building is used as the case study. The integrated energy supply
system is built by installing new components, including battery, heat pump and electrical heater, and hot water tank. Mixed Integer
Linear Programming (MILP) problems are solved to determine the optimal component capacities and operation profiles. The results
indicate that all the studied system configurations achieve lower net present cost (NPC) than the current system. It suggests that
the integrated energy supply system can take advantage of the flexible energy prices and lower the overall energy cost in the
building. Among the studied configurations, the combination of air source heat pump (ASHP) and electrical heater (EH) has the
lowest investment cost. This combination also has the lowest NPC except in the scenario with low borehole cost.
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1. Introduction

The penetration level of renewable energies is increasing rapidly [1, 2]. More renewables energies are expected in
future energy systems. However, the increasing capacities of intermittent solar and wind energies have negative effects
on the stability and safety of energy systems. As the electricity production becomes more variable, flexibility measures
at the consumption side are becoming more important [3]. Buildings consume about 40% of total energy in Europe
[4]. Energy providers are encouraging building owners to adopt flexibility measures through flexible energy prices,
including peak and off-peak prices, dynamic prices, seasonal prices and peak tariff. One of these flexibility measures
is the demand side management (DSM), which is being extensively studied. Integrating the electricity and heat supplies
can be another flexibility measure in buildings. The integration can lead to better control on the local energy system,
and thus, building can switch to different energy carriers depending on the prices. To integrate the local energy
supplies, different energy conversion and storage components need to be installed. These components can potentially
lower the operation cost through coordinated operations [5, 6].

However, it remains unclear how to determine the appropriate component capacity to ensure the optimal system
operation and the lowest cost. This problem can be formulated as an optimization problem, whose variables include
the component capacities and the operation profile of each component.

Several relevant studies have been carried out. The integration of heat pumps (HP) and thermal energy storages
(TES) was studied by Renaldi et al. [7]. A Photovoltaic (PV)-Battery system was studied by Khalilpour and Vassallo
[8]. Dynamic programming was used by Salpakari et al. to determine the optimal operation of a PV-Battery-HP-TES
system [9]. Beck et al. used the mixed integer linear programming (MILP) method to determine the optimal
configuration and operation profiles of a residential PV-HP system [10]. However, a literature survey indicates that
district heating, as a very important heat supply in Nordic countries, is seldom included.

This study focuses on the buildings that are connected to both the electrical grid and the district heating (DH)
network. An office building is investigated as a representative case. Four components, including a battery, a heat pump
(HP), an electrical heater (EH), and a hot water tank (HWT), are incorporated into the integrated energy supply system
in the building. The investigation on whether the integrated energy supply system can take advantage of the flexible
energy prices and lower the cost is carried out by using the MILP method.

2. Description of the studied building

The studied building is located at Viasteras, Sweden. A 30 kW, photovoltaic (PV) system was already installed. The
recorded data in 2016 indicates that there was seasonal mismatch between production and consumption. The net

electricity profile (Pyers = Pr¢ — Ppy ) is shown in Fig. 1 (a). The district heating profile is shown in Fig. 1 (b).
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Fig. 1. (a) Net electricity and (b) district heating profiles of the reference system (Negative as exporting electricity)
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Fig. 2. New components and the integrated energy supplies in the building

In the current energy system (reference system), the electricity demand and the heat demands are supplied
separately by the electrical grid (or PV) and the district heating network. As shown in Fig. 2, new components can be
installed to form an integrated energy supply system. The heat demand can be provided by HP, DH and EH. In this
study, the configuration is simplified that either DH or EH will be used together with HP for the heat supply. Moreover,
the HP can be either Air Source Heat Pump (ASHP) or Ground Source Heat Pump (GSHP). In total, there are four
system configurations: ASHP and DH (AS+DH); GSHP and DH (GS+DH); ASHP and EH (AS+EH); GSHP and EH
(GS+EH).

The electricity costs are from the distribution system operator (DSO) and the retailer (RT). Depending on the peak
electricity consumption, DSO cost can be calculated by Eqs. 1 or 2. The RT cost is calculated by Eq. 3. Pgip ¢ is the
imported electricity. ELP; is the electricity spot market price. The revenue (Rgr,,) from the exported electricity (Pgey,t)
is calculated with Eq. 4.

Cpsoy = (5568 + X878°0.176 X Pgim,)(1 + VAT) (1)

Cpsoy = (5556 + Xizey 58.5 X max(Pgipm, |t € Month,y,) + ¥87§°0.0535 X Pgp ) (1 + VAT) (2)
Crry = (336 + X$78°(ELP, + 0.3879) X Pgim ) (1 + VAT) 3)

Rpry = Y280 ELP, x Piex,e “4)

The district heating cost is obtained through Eq. 5. Seasonal prices (WS: Warm season; MS: Middle season; CS:
Cold season) are employed. Cs;y and Cpeqy are cost parameters that are further dependent on the yearly peak of the
district heating profile [11].

Cony = (Crix + Cpoar X Max(Ppy ) + 0.236 X X Qo |t € WS+ 0.44 X T Qo |t € MS + 0.5 X ¥ Qpp |t € CS)(1 + VAT) (5)
3. Methodology

For each of the four system configurations, the component capacities and the operation profiles are determined
simultaneously in an optimization problem. The system is linearized, and the optimization problem is solved as a
Mixed Integer Linear Programming (MILP) problem using CPLEX solver.

3.1. Optimization objective

The optimization objective is to minimize the Net Present Cost (NPC) over the project lifetime (30 years). NPC is
obtained in Eq. 6. It includes the investment cost (/nv), operation & maintenance cost ( Cogum,y ), replacement cost
(Cr,y), electricity cost (Cpgp,y, and Cgry), electricity revenue (Rgr ), and the district heating cost (Cpy ).

. 30 (CpHy+Cpso,y+ CrRT,y—RRTy+ CoaM,y+tCRy) }
min {Zy—l TR + Inv (6)
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3.2. Optimization constraints

The constraints for the optimization problem are shown in Eqs. 7-17. The constraints include energy balances (Egs.
7-8), battery and HP power limit (Eqs. 9-11) and storage state limits (Eqs. 12-15). The performance of HP is dependent
on the lift temperature (T}) and is represented by the coefficient of performance (COP;) [12]. T} is the temperature
difference between the source and the outlet. The outlet temperature is assumed as 50 °C. For the ASHP, the source
temperature is the ambient temperature; for the GSHP, the source temperature is fixed as 6 °C [13].

Poye = Pee + 10 Pae + Poimt — Peex,e = Pre + Pupe + Pene (7
Qat Na + Qoue + Qene = Qb 3

Qct = Pupy X COPy )

Py, P. < 0.37 - Capgae (10)

Qct < Capyp (11)

S0C, = SOC,_y + (P, — Py:)/Capg (12)

20% < SOC; < 100% (13)

Qrst = Qrse—1+ Qe — Qae (14)

0< QTS,t < VTESXP\/;:;}))XATTES (15)
COPysypy = 6.81 — 0.121 + T}, + 0.000630 * T? (16)
COPgsype = 8.77 — 0.15 T, + 0.000734 * T? 17)

3.3. Investment cost

The relationships between the capacity of each component and its investment cost are linearly correlated in Eq. 18.
The parameters a; and b; are listed in Table 1.
Inv; = a; X Cap; + b; (18)

Table 1. Lifetime and investment costs for different components

Component (Abbreviation)/  Lifetime a; b; References
Capacity Unit (Year) (SEK/Unit Capacity) (SEK)
Battery (Batt)/ kWh 15 4009 0 [14]
Heat Pump (HP)/ kW 15 1761.4 32245 [15]
Borehole (BH)/ kW 30 10000 0 [12]
Electrical Heater (EH) 15 200 0
Hot Water Tank (HWT) /L 15 24.8 11553.9 [7]

Two additional scenarios are studied. In the low BH cost scenario, agy is decreased by 50%. In the high HP cost
scenario, ayp was increased by 50%.

4. Results and discussion

Accumulated cash flow and NPC of the reference system and four configurations are shown in Fig. 3. All the
studied configurations have lower NPC than the reference system. It indicates that the integrated energy supply system
can reduce the overall cost. Among different configurations, the ASHP and EH configuration has the lowest
investment and lowest NPC. In all the configurations, battery is not selected by the optimization algorithm. It suggests
that the battery cost is still high for being economically implemented in the studied case. Moreover, the combination
of HP and EH has lower NPC than the combination of HP and DH. It suggests that EH is more economically favorable
than DH as the supplement of HP in providing heating.

The investment, the yearly operation cost, and net present costs of these four system configurations are shown in
Fig. 4. The “base case” refers to the results obtained under original economic assumptions. The “Low BH cost” and
“High HP cost” refer to the results obtained in the two additional scenarios that are presented in Section 3.1.
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The systems with ASHP have lower investment cost than these with GSHP. The lowest yearly operation cost is
achieved by the combination of GSHP and EH. The GSHP and DH configuration always have the highest NPC. The
ASHP and EH configuration usually achieve the lowest NPC except in the low BH cost scenario.

All the studied configurations can have lower NPC than the reference system. It indicates that the integrated energy
supply system can be economically implemented in buildings. However, it should be noted the optimization results
are achieved under the assumption of perfect forecasting in energy demands and supplies. Future works are needed in
developing a real-time energy management system.
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Fig. 3. Accumulated cash flows and NPCs of the reference system and four configurations
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Fig. 4 (a) Investments, (b) Yearly operation costs, and (c) Net present costs of four configurations in different scenarios
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5. Conclusions

The integrated energy supply system in an office building was studied. Four components, including a battery, a
heat pump, an electrical heater, and a hot water tank, can be incorporated in the system. The component capacities
and operation profiles are determined by solving a mixed integer linear programming problem. Four system
configurations are studied. The results indicate all these configurations can achieve lower net present cost (NPC) than
the current system. Two investment cost parameters are varied in different scenarios. In these scenarios, the
combination of ASHP and EH always has the lowest investment. This combination usually achieves lower NPC than
other combinations expect in the low borehole cost scenario. The combination of ground source heat pump and
electrical heater has the lowest yearly operation cost. These results indicate that the integrated energy supply system
can be employed to lower the total energy costs of the studied building.
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