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Abstract. The conversion of existing energy systems to intelligent 
integrated energy systems can happen only if economic benefits due to 
introduction of the intelligent integrated energy systems will exceed 
required level of investments. Thus, it is necessary for every optimal 
design energy systems problem according to the purposes of the study to 
determine various aspects of equipment configuration, investment and a 
proposed unit commitment on a case-by-case basis. The studies, taking 
under consideration energy efficiency of renewable energy units, are 
particularly important as environmental safety standards are increasing. In 
the paper optimal design of prosumer energy supply system problem in the 
intelligent integrated energy system was investigated. For this purpose a 
super structure for an energy supply system includes different generating 
capacities with relevant power range. The superstructure for prosumer 
energy supply system consists of an electric boiler, a gas-fired boiler, a 
solar photo-voltaic, a solar heating system and a gas-fired CHP. An ability 
of district energy system to receive the excess generating energy is 
restricted by the constraints. The heat and electricity tariffs and the 
received to district energy supply system energy constraints are varying 
according to time period. As a result of this study, cost-effectiveness 
analysis of chosen equipment configuration was undertaken. 

1 Introduction 

A consumer, who manages his energy consumption, is called a prosumer [1-5]. Depending 
on the availability of self-generating facilities, prosumer falls into one of following 
categories: the first type of prosumer [5] (generation equipment is absent, but this type 
prosumer still manages own energy consumption by shifting part of load to peak-off 
periods) and second type of prosumer (this type prosumer is able to deliver energy to the 
district energy supply system and control the load of his own generation units). In this 
paper the second type of prosumer is considered, i.e. a consumer, which has self-generating 
facilities. The research of prosumer energy supply systems is faced with the following 
problems [6-9]: finding of optimal mix of prosumer self-generating equipment [10-15] and 
its corresponding operational costs and finding of optimal design of prosumer energy 
supply system by determine the equipment configuration [16-18] and its corresponding 

                                                 
* Corresponding authorор: vsb@isem.irk.ru  

E3S Web of Conferences 102, 02001 (2019) https://doi.org/10.1051/e3sconf/201910202001
Mathematical Models and Methods of the Analysis and Optimal Synthesis of the Developing Pipeline and Hydraulic 
Systems 2019

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons 
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).

mailto:vsb@isem.irk.ru


total costs. The important condition of both problems is meeting the thermal and electrical 
prosumer demand. This paper is devoted to the solution of the second one problem.  

2 Mathematical statement of the problem 

The design problem of prosumer energy supply system is to determine optimal equipment 
configuration of thermal and electrical energy generation units. Given the heating and 
electrical demands, the capacities of equipment, the prices for primary energy resources and 
the prices for energy purchased from district energy supply system, the goal is to design an 
energy supply system at minimum cost. 

It is necessary to minimize the objective function of prosumer energy supply system 
total costs that has the form:  

   , , , , int, , , , , ,
1 1

, , , , , min
I T

e

s t s t sm t stor i capex i ma i fuel i t start i i t ds t

i t

f h e h e D Q aC C C C R C
 

         

where h  – thermal energy generated by prosumer; e  – electric energy generated by 
prosumer; ,s th  – heat purchased from district heating system at time t; ,s te  – electricity 

purchased from power grid at time t; ,
e

sm tD  – shiftable demand at time t, this load can be 
shift on any time during that day; 

storQ  – heat storage capacity; 
i  – binary variable 

representing the operational status of unit i (0 – switch off, 1 – switch on); a  – capital 
recovery factor; ,capex iC  – investment of unit i; 

,maint iC  – maintenance cost of unit i; , ,fuel i tC  – 
cost of primary energy resources to produce the required amount of thermal and electric 
energy by unit i at time t; ,start iC  – start-up cost of unit i; ,i tR  – revenue from supplied heat 
generated by unit i to the district energy supply system at time t; ,ds tC  – costs of electric 
and thermal energy purchased from district energy supply system at time t. 

The components of objective function were determined according to the following 
equations: 
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where fuelp  – fuel cost; ,i tb  – consumption of primary energy resource by unit i at time t; 

i  – efficiency of unit i; р

нQ  – the conversion factor of the 

primary energy resource to the required energy type; Z  – amount of starts of unit i during 
time  0; ;t T ,start ip  – price for start-up unit i; ,e DSp  – price for electricity purchased from 

power grid; ,h DSp  – price for heat purchased from district heating system; e

tD  – total 

electric demand of prosumer at time t; h

tD  – heat demand of prosumer at time t; const,
e

tD  – 

unshiftable electric demand, this load should be covered exactly at time t; ,
e

sm tD  – shiftable 
electric demand at time t, this load can be shift on any time during that day. 

Subject to: 
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where ,stor th  – heat delivered from heat storage at time t; B – total amount of primary 
energy resource during time T ; maxQ  – maximum capacity of heat storage; ,h tn  – 
maximum thermal energy supplied by prosumer to district heating system. 

The above generalized problem statement was reduced to solving the problem of 
mixed integer linear programming by linearization of nonlinear inequalities [19]. 

3 Case studies 

The superstructure of prosumer energy supply system is presented on figure 1. The self-
generating facilities of the prosumer includes a gas fired CHP, an electric boiler (EB), a 
heat pump (HP), a solar heating system (SHS) and a solar photovoltaic (SPV). Also the heat 
storage and electric demand formation are depicted on Figure 1.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The energy hub model of the residential district. 

The nonlinear performance curves of CHP and HP are linearized by the method of least 
squares. The CHP electric capacity is 100 kW and CHP heating output is 178 kW, required 
investment of this unit 9,5 million rub. The capital cost of 100 kW SPV is 5 million rub. 
The SHS with 176 kW heating output is cost 1,4 million rub. The HP with 180 kW capacity 
is cost 1,6 million rub. The capital cost of EB is 0,5 million rub. In this paper prosumer 
energy supply system is considered quarterly for year. The daily heat load curves for each 
season of year are presented on Figure 2 and the daily electricity load curve of the prosumer 
is depicted on Figure 3 [20]. 

The daily shiftable electric demand value during year was set 40 kWh. The energy 
transmission and storage losses were set to 5%. Price for natural gas is 4,65 rub./m3. Prices 
for thermal and electric energy at peak time is 2,16 and 2,34 rub./kWh, in the daytime – 1,8 
and 1,08 rub./kWh and at night – 1,2 and 0,81 rub./kWh respectively. 
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Fig. 2. The daily heat load curves.     Fig. 3. The daily electricity load curve. 
1 – 1st quarter; 2 – 2nd quarter; 3 – 3rd quarter;         1 – shiftable demand; 2 – unshiftable demand. 

 

4 Results and discussion 

The received results assume use of district heating system as the main source of thermal 
energy and as additional one – SHS. The only source of electric energy is power grid.  

The shiftable part of prosumer electric demand has been relocated to the lowest price 
zone (from midnight to 6 o’clock). The received electric demand distribution is similar for 
the whole year. 

Heat demand is covered by district heating system supplies at night. In the morning 
hours, amount of thermal energy purchased from district heating system is reducted, as 
soon as there is SHS generation.  Then, when SHS generation exceeds heat demand, the 
surplus is supplied to district heating system, as shown on Figure 4. Since 11 o’clock 
generated by SHS heat is enough for meeting prosumer demand, and for supplying thermal 
energy to district heating system and for accumulating of thermal energy in the heat 
storage. By 14 hours heat storage tank is full and delivery to district heating system reached 
the maximum allowed value, so possible value of generated on SHS thermal energy at this 
period cannot be stored or used and part of solar collectors is switched off.  The thermal 
energy, accumulated between 11 and 12 hours, allows to reduce significantly amount of 
heat purchased from district heating system at peak zone. The second quarter of the year 
under review is illustrated on Figure 4 and Figure 5.  

 

 
Fig. 4. Optimal schedule of heat supply in the second quarter. 
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Fig. 5. Current level of thermal energy in heat storage in the second quarter. 

 

Table 1. Comparison of the energy supply costs of a passive consumer and prosumer. 

Consumer 
type 

Cost of 
electricity 
purchased 

from 
power 

grid, 103 
rub./year 

Cost of 
heat 

purchased 
from 

district 
heating 
system, 

103 

rub./year 

Return on 
investment, 
103 rub./year 

Revenue 
from 

deliveries 
to district 
heating 

system, 103 
rub./year 

Total cost 
103 

rub./year 

Economy, 
103 

rub./year 

Passive 458 1437, 6 – – 1 895, 6 – 
Prosumer 449, 1 1014, 4 196 96 1 463, 5 432, 1 

 
The prosumer power supply strategy assumes the onle source of elecricity is power grid. 

The prosumer heat supply syrategy assumes using of SHS and district heating system.  The 
table 2 shows the total costs of passive consumer and prosumer under equal conditions:  
differentiated tariff for energy supply and the same volumes of heat demand and electric 
demand. The total costs of prosumer is decreased by 16%, despite the fact that its costs 
include the return on investment from SHS. Due to the daily distribution of shiftable part of 
electric demand, the elecricity costs of prosumer are reduced by 2% compared to passive 
consumer. By installing the SHS unit, heating costs are reduced by 22,9% and it became 
possible to supply thermal energy to the district heating system. Thus, the payback period 
of the SHS unit under the same initial conditios will be 6 years.  

5 Conclusion 

Studies focusing on the benefits of transforming existing power systems into intelligent 
integrated power systems are particularly relevant. This work solved the problem of optimal 
design of the prosumer energy supply system taking into account the possibilities of heat 
and electricity demand distribution. As a result of the optimization task the following 
configuration of energy equipment was chosen: solar heating system and district heating 
system for heat supply, and electricity supply from the power grid. 
 
The work was carried out within framework of scientific projects  III.17.4.1 of the research program 

of the SB RAS  АААА-А17-117030310432-9. 
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