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Abstract: An operational cost minimisation model is established for a smart energy hub (S.E. Hub) consisting 

of a combined heat and power (CHP) unit, a heating, ventilation and air-conditioning (HVAC) system, and thermal 

and electricity storage units. The optimal operation of CHP is combined with the load management of HVAC 

under a time-of-use (TOU) tariff. The heat and power split ratio of CHP is dynamically determined during the 

operation. The scheduling of HVAC load and the charging/discharging of energy storage systems are also 

determined through the optimisation model. The energy management system can therefore shift the load demand 

and manage energy supply simultaneously. System operation requirements and environment factors including the 

outdoor air-temperature variation, seasonal variation, and battery degradation are considered. Comprehensive case 

studies are carried out to examine the effectiveness of the proposed strategy, from which insights are obtained for 

different energy management strategies and possible upgrade of S.E. Hub. Simulation results reveal that dynamic 

control of the CHP heat and power split ratio is an effective way to save the total operational cost, and a clear cost 

saving is shown through the proposed optimal operation strategy. 
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Nomenclature 
   

𝑎  Positive charging/discharging power for 

TSS, kW 

𝑃𝑙𝐻𝑉𝐴𝐶
  Operating power levels of HVAC, kW 

𝑏𝑙𝐻𝑉𝐴𝐶
  Binary variable indicating working levels 

of HVAC 

𝑃𝐿   Power of the sum of inflexible 

appliances, kW 

𝑐1  A TOU tariff, £/kWh 𝑃𝑆  Charging/discharging power of ESS, kW 

𝑐2  Natural gas price, £/kWh 𝑞𝑗  Thermal power value of CHP 

characteristic point j, kW 

𝑐3  Sale price from CHP to the grid, £/kWh 𝑄  Heat demand of end users, kW 

𝑐𝑐𝑜𝑛  Construction cost of ESS, £ 𝑄1  Thermal power generated by CHP, kW 

𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦  Electricity cost, £ 𝑄𝑠  Charging/discharging thermal power of 

TSS, kW 

𝑐𝑔𝑎𝑠  Gas cost, £ 𝑆𝑃  Electrical energy stored in ESS, kWh 

𝑐𝑖𝑛𝑐𝑜𝑚𝑒   Income from selling excess electricity, £ 𝑆𝑃
𝑚𝑖𝑛  Minimum storage level of EES, kWh 

𝑐𝑠𝑡𝑜𝑟𝑎𝑔𝑒   Cost of storage system, £ 𝑆𝑃
𝑚𝑖𝑛  Maximum storage level of EES, kWh 

𝑐𝑡𝑜𝑡𝑎𝑙  Total cost of the S.E. Hub, £ 𝑆𝑄  Thermal energy stored in TSS, kWh 

𝑐𝑆𝑂𝐶
𝐸𝑆𝑆  SOC - related ESS degradation cost, £ 𝑆𝑄

𝑚𝑖𝑛  Minimum storage level of TSS, kWh 

𝑐𝐷𝑂𝐷
𝐸𝑆𝑆   DOD - related degradation cost of ESS, £ 𝑆𝑄

𝑚𝑎𝑥  Maximum storage level of TSS, kWh 

𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔   Heat capacity of the building, kW/℃ 𝑆𝑂𝐶  State of charge of ESS, % 

𝐶𝐸𝑆𝑆  Storage capacity of ESS, kWh 𝑇  Total sampling number in time horizon 

𝐶𝑇𝑆𝑆  Storage capacity of TSS, kWh 𝑇𝑔  Ground temperature, ℃ 

𝐶𝑤𝑎𝑡𝑒𝑟   Water heat capacity in tank, kJ/(kg ∙ ℃)  𝑇𝑖 Indoor air temperature, ℃ 

𝐶𝐹𝑚𝑎𝑥  The maximum capacity fade constant, % 𝑇𝑜 Outdoor air temperature, ℃ 

𝑒  Positive charging/discharging power for 

ESS, kW 

𝑇𝑣 Ventilation temperature, ℃ 

𝐺𝑀𝐹𝐶𝐻𝑃 Gas mass flow of CHP input, kW 𝑇𝑚𝑖𝑛
𝑖   Minimal indoor air temperature, ℃ 

𝐻𝑖𝑔  Heat conductance between indoor air and 

ground, kW/℃ 
𝑇𝑚𝑎𝑥

𝑖   Maximal indoor air temperature, ℃ 

𝐻𝑖𝑜  Heat conductance between indoor air and 

outdoor air, kW/℃ 

∆𝑡  Length of sampling time slot, h 

𝐻𝑖𝑣  Heat conductance between indoor air and 

ventilation air, kW/℃ 

𝑢𝑗  Cost value of CHP characteristic point j, 

£ 

𝐻𝐹𝑏𝑜𝑖𝑙𝑒𝑟   Heat flow generated by gas boiler, kW 𝑉  Water volume in TSS, m3 

𝑗  Index of CHP characteristic points 𝑥𝑗  Decision variable for CHP encoding the 

combination of the characteristic points  

𝑙𝐻𝑉𝐴𝐶   HVAC operating levels 𝑍  Number of lifecyle for DOD degradation 



𝑛  Number of HVAC working levels α, β Model parameters for SOC degradation 

𝑃𝐽  Electricity power value of CHP 

characteristic point j, kW 

𝜙  Set of all decision variables 

𝑃1   Electric power generated by CHP, kW 𝜌 Water density, kg/m3  

𝑃𝐶𝐻𝑃
𝑚𝑎𝑥  Maximum rated power of CHP, kW  𝜂𝑏𝑜𝑖𝑙𝑒𝑟   Energy efficiency of centralised boiler, % 

𝑃𝐶𝐻𝑃
𝑟𝑎𝑡𝑒   Power ramping rate of CHP, kW/h 𝜂𝐻𝑉𝐴𝐶   Working efficiency of HVAC, % 

𝑃𝑒𝑥𝑐𝑒𝑠𝑠  Excess power generated by CHP, kW 𝜂ℎ𝑒𝑎𝑡   Heat transmission efficiency for thermal 

demand, % 

𝑃𝑔𝑟𝑖𝑑   Purchased power from the power grid, kW 𝜂𝑃  Storage efficiency of ESS considering 

self-discharging rate, % 

𝑃𝐻𝑉𝐴𝐶   Power of HVAC system, kW 𝜂𝑄  Storage efficiency of TSS considering 

self-discharging rate, % 

Abbreviation    

CHP Combined heat and power system HVAC Heating, ventilation, and air-conditioning  

DOD Depth of discharge S.E. Hub Smart energy hub 

DSR Demand side response SOC State of charge 

EMS Energy management system TOU Time-of-use  

ESS Electrical storage system TSS Thermal storage system 

GA Genetic Algorithm   

1. Introduction 

Considering diverse power consumption at demand side and environmental concerns, one form of future energy 

supply systems is the sustainable multi-energy systems [1], which is described as smart energy hubs (S.E. Hubs) 

or a microgrid consisting of several S.E. Hubs. These hub systems can improve energy efficiency by reducing the 

distance between power plants and end users, and control of S.E. Hubs provides opportunities to enhance network 

flexibility and reliability [2]. Development of S.E. Hubs has significantly strengthened the integration of various 

energy sources [3-5]. Optimal operation has become increasingly important to achieve the coordinated operation 

of multi-energy sources. This study considers optimal operation of S.E. Hub of a building system that is mainly 

powered by a combined heat and power (CHP) unit. 

A typical S.E. Hub comprises energy and information flows between the demand side and the supply side, the 

energy management system (EMS), the energy loads and the power generation systems, such as CHP units [5]. 

The EMS is essentially the control centre of an S.E. Hub. The function of EMS includes analysing the demand 

side signals and electricity tariff information, sending control commands to power and heat generation facilities, 

and coordinating decisions for electricity purchase. Two main types of optimisation strategies have been proposed 

to improve S.E. Hub operational efficiency. One is to apply the optimal control to energy generation and storage 

components [6], and the other one is to use incentive-based or price-based demand side response (DSR) 

programmes [7].  

As a highly efficient and sustainable distributed generator [6], CHP has been taken as the first choice to replace 

traditional distributed coal-burning power generations in an S.E. Hub [8]. In addition, a CHP system can benefit 



from saving of fuel and selling of surplus electricity to the grid, where a payback period of less than five years is 

achievable during its 15 years lifecycle [9]. Operational strategies developed for residential and community CHP 

units include output heat driven, output electricity driven operations and minimisation of CHP operational cost 

[10-13]. Wang et al. [13] developed a control strategy on a CHP-based district heating system with renewable 

energy production and energy storage system focusing on interaction of CHP units and renewable energy 

resources, but not considering the demand side management. CHP evaluation and development have been 

presented in [14, 15] on performance improvement and operation optimisation. The technique of CHP optimal 

control is under fast development, however, its integration with other microgrid optimisation techniques, such as 

DSR, are yet to be investigated.  

DSR is widely accepted as an effective solution to all three types of microgrids [16], i.e. campus 

environment/institutional microgrids, community microgrids and remote off-grid microgrids [17]. Instead of 

treating end-users as passive electricity consumers, DSR enables end-users to be active in response to a varying 

electricity price [18]. DSR program can be divided into two types, price-based DSR [7, 19-21] and incentive-

based DSR [22-24]. In this study, a price-based DSR is investigated through load management of heating, 

ventilation, and air-conditioning (HVAC) system under a TOU tariff. Energy use at residential and commercial 

buildings is mainly for space cooling and heating, which consumes more than 50% of the total energy demand in 

developed countries [25]. In Europe, space heating is generally supplied by HVAC systems in smart commercial 

buildings [26]. HVAC is therefore taken as the main load for DSR in this study. 

In a conventional DSR programme, the optimisation is achieved by pre-acting or delaying some flexible loads 

from peak price time to valley price time [27]. However, such a single energy carrier DSR is not suitable for end-

users without energy storage facilities, and end-users’ DSR capability cannot be fully exploited [28]. A recent 

move is to combine DSR with microgrid optimisation. A hybrid renewable energy system with DSR, considering 

solar, wind, diesel, and storage systems, has been presented in [29], where the energy management is formulated 

as a two-layer optimisation problem. This approach decreases the demand of other dispatchable components, e.g. 

CHP system and storage systems, which are also flexible to time-varying electricity prices. Jin et al. [30] take a 

building as a virtual energy storage system, its internal space can be pre-warmed under a DSR method and the 

virtual energy storage system is integrated with dispatchable hybrid distributed generators including a CHP unit 

to reduce daily operational cost. A multi-objective optimisation of microgrid with DSR including different types 

of heat and electricity generators has been developed in [31]. Firouzmakan et al. propose a day-ahead energy 

management system including CHP units to minimise the microgrid operational cost and improve the system 

reliability under DSR [32]. CHP units are considered to have fixed power-heat ratio in these studies [29-32]. 

In previous studies, researchers pay most attention to demand side and renewable sources, but usually consider 

CHP as a generator with fixed power-heat ratio. The capability of CHP’s heat-power generation ratio in response 

to time-varying electricity price and demands has been largely ignored. Fixed ratio CHP units may not operate 

optimally since the electricity and thermal demands may change significantly from time to time. In this study, we 

propose to dynamically control the power-heat ratio of CHP along with DSR and energy storage technologies to 

achieve operation cost minimisation for the energy hub. 

The main contribution and novelty of this paper are summarised as follows. Based on a real smart building, an 

S.E. Hub operational model is established including CHP, HVAC, electrical storage system (ESS) and thermal 

storage system (TSS). Using this model, an energy cost minimisation strategy is proposed through dynamic 



control of the heat-power ratio of CHP, flexible load management of HVAC and charging/discharging control of 

energy storage systems. The EMS can shift the load demand and manage energy supply simultaneously under 

time-varying electricity prices. This study is the first of its kind to minimise the microgrid operational cost through 

dynamic control of the CHP heat-power ratio. Case studies among comparative scenarios provide insights to S.E. 

Hub operation and energy system upgrade. 

The remainder of this paper is organised as follows. Section 2 gives the system configuration and modelling 

details on key components including CHP, HVAC, ESS and TSS. In Section 3, the energy cost model and the 

optimisation problem are developed for the purpose to minimise the total energy cost. Case studies are conducted 

in Section 4 covering several typical scenarios, and the strength of the proposed optimisation strategy is 

demonstrated by comparisons with other options. Conclusions and future perspectives are given in Section 5. 

2. System Configuration and Modelling 

2.1. System configuration 

A typical S.E. Hub configuration is illustrated in Figure 1, which consists of two energy sources (electricity 

and gas), CHP, EMS, ESS, TSS, and two types of energy demands, namely the electricity demand and the thermal 

demand. The HVAC load, 𝑃𝐻𝑉𝐴𝐶 , is purposely separated from the electricity demand since it is the main load in 

DSR. Apart from the HVAC load, other electricity demands are put into one term, 𝑃𝐿 , which are regarded as the 

sum of inflexible loads that are not controlled by DSR. Both 𝑃𝐻𝑉𝐴𝐶  and 𝑃𝐿  are supplied by power from the grid 

𝑃𝑔𝑖𝑑 , the CHP output power 𝑃1, and the ESS power 𝑃𝑠. In this paper, all hourly energy flows in kJ/h are transferred 

into kW (3.6 × 103 𝑘𝐽/ℎ = 1𝑘𝑊). 
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Figure 1. The proposed S.E. Hub configuration with energy flows 

The fuel of CHP unit is natural gas and the gas usage is represented by gas mass flow, 𝐺𝑀𝐹𝐶𝐻𝑃. The excessive 

electricity generated by the CHP unit, 𝑃𝑒𝑥𝑐𝑒𝑠𝑠, can be exported to the power grid to get profit. The thermal demand 

in this model is mainly the hot water usage, since the space heating and cooling are supplied by the HVAC system. 

The thermal demand is supplied by the CHP heat output, 𝑄1, and the TSS discharging energy, 𝑄𝑠. It is assumed 

that the CHP heat output is sufficient to meet the thermal demand and no boiler is required.  



The EMS is used to gather information such as energy demands, electricity price, environmental temperature, 

system operation constraints, state of charge (SOC) of ESS and TSS, etc. The controllable components in this S.E. 

Hub include CHP, HVAC, ESS and TSS. The EMS coordinates the power and heat outputs of CHP, the load of 

HVAC, and the charging/discharging of ESS and TSS to achieve optimal economic performance for the whole 

S.E. Hub. 

This proposed model is established for a building energy system, and all energy generation, conversion, 

transmission and consumption are taken place inside or near the building. Thus, the electrical power line loss from 

CHP to the building is ignorable, and can also be covered in the HVAC efficiency constant defined later. It is 

assumed that all the electric energy can be fully utilised, where the excessive electricity can be sold to the power 

grid. The loss of thermal energy transmission is considered in CHP modelling.  

2.2. CHP system modelling 

The gas consumption of a CHP unit depends on its working conditions, where the power and heat can be 

produced at different ratios. In order to minimise the cost of a CHP unit, the most suitable heat and power ratio 

needs to be determined. Assume that the operating region of each CHP unit is convex in terms of the areas formed 

by the output of power and heat, meanwhile the cost of CHP operation is also a convex function with respect to 

its power and heat production, as shown in Figure 2. Any operating point in the admissible region can be 

represented as a vector combination of five characteristic points (𝑢𝑗 , 𝑝𝑗 , 𝑞𝑗). Here 𝑢𝑗 ,  𝑝𝑗 and 𝑞𝑗 are the operation 

cost, power and heat values of the j-th CHP characteristic point. The five characteristic points correspond to five 

extreme CHP operations: minimal power and minimal heat (point 1), maximal heat when power is minimal (point 

2), maximal heat (point 3), maximal heat when power is maximal (point 4), and maximal power and minimal heat 

(point 5). 

 

Figure 2. The convex operating region of a CHP unit 

According to [33], the CHP operation cost at time t can be calculated as 
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where 𝑐2 is the natural gas price considered to be constant, 𝐺𝑀𝐹𝐶𝐻𝑃 is the gas mass flow of the CHP unit. The 

electricity power and thermal power generated by CHP are calculated by 
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where 𝑡 = 1, ⋯ , 𝑇 are the time indices; T is the total sampling number in time horizon; 𝑗 = 1, ⋯ ,5 represent the 

five characteristic points of CHP; 𝑥𝑗  are the decision variables, which encode the vector combination of the 

characteristic points. Constraints on the maximal output power and the power ramping rate must be considered 

for real CHP operation and to assure stability of the system.  

 ( ) max

1 CHPP t P   (5) 

 ( )
5

1
( ) ( 1) rate

j CHPj j jx t x tp P
=

 − −   (6) 

where 𝑃𝐶𝐻𝑃
𝑚𝑎𝑥 is the maximal electricity power limit; 𝑃𝐶𝐻𝑃

𝑟𝑎𝑡𝑒  is the CHP power ramping rate. Hourly time step is used 

in the optimisation model, thus the constraint in (6) restricts how much the power production of a CHP unit may 

increase or decrease between two consecutive hours. In this model, the heat transmission loss is incorporated into 

the cost model as a constant percentage of the heat energy transmitted, which is often used in large systems [34, 

35], and the loss percentage can be estimated from the design data of large heat pipes. Indeed, the modelling for 

the heat loss of the pipes from CHP to end users can be found from [35] and is briefly summarized as follows. 

When the hot water flows through the pipe, the heat loss 𝑄𝑝𝑖𝑝𝑒_𝑙𝑜𝑠𝑠  is estimated by [35] 

 ( )_ , ,pipe loss specific in water out water lQ m c T T A T=   − =    (7) 

where �̇� is the flow rate, 𝑐𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐  is the water specific heat, 𝑇𝑖𝑛,𝑤𝑎𝑡𝑒𝑟  and 𝑇𝑜𝑢𝑡,𝑤𝑎𝑡𝑒𝑟  are the inlet and outlet water 

temperatures, 𝐴𝑙  is the loss coefficient, and ∆𝑇 = (𝑇𝑖𝑛,𝑤𝑎𝑡𝑒𝑟 −  𝑇𝑜𝑢𝑡,𝑤𝑎𝑡𝑒𝑟)/ln ((𝑇𝑖𝑛,𝑤𝑎𝑡𝑒𝑟 − 𝑇𝑎)/(𝑇𝑜𝑢𝑡,𝑤𝑎𝑡𝑒𝑟 −

𝑇𝑎)) with 𝑇𝑎 the ambient temperature. When the water flow is static, a similar model can be found from [35]. The 

above heat loss models are simplified by using the heat loss coefficient in this work. The hourly heat output from 

CHP, 𝑄1 , together with the thermal supply from TSS, 𝑄𝑠 , must meet the thermal demand, 𝑄 , considering a 

constant heat transmission efficiency, 𝜂1
ℎ𝑒𝑎𝑡. Note that the heat efficiency constant 𝜂1

ℎ𝑒𝑎𝑡 can be properly chosen 

so that it covers the thermal energy transmission losses from the CHP and TSS to the building. 
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2.3. HVAC system modelling 

The HVAC system can be controlled to have n operating power levels, denoted by 𝑃𝑙𝐻𝑉𝐴𝐶
, where each operating 

level can be manipulated as on/off by 𝑏𝑙𝐻𝑉𝐴𝐶
. The HVAC operating power at time t is written as  

 ( ) ( )
1 HVAC HVACHVAC
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where 𝑏𝑙𝐻𝑉𝐴𝐶
 is a 1/0 binary decision variable indicating on/off status of the HVAC; 𝑙𝐻𝑉𝐴𝐶  (𝑙𝐻𝑉𝐴𝐶 = 1, ⋯ , 𝑛) 

represents the index of operating levels; n is the number of HVAC working levels, which is taken to be five in 

this study balancing the effectiveness of the operation strategy and the computational load for the optimisation 

algorithm. Equation (10) assures that, at each time t, HVAC can only work at one operating level. The HVAC 

system is off if all binary variables, 𝑏𝑙𝐻𝑉𝐴𝐶
, are zeros.  

In this study, the objective of HVAC load management is to shape the system load to obtain cost reduction 

around peak tariff, where the indoor air temperature 𝑇𝑖 is kept within a desired range. A 1-capacity model for 

HVAC is used where the dynamics of indoor ambient temperature are captured using a lumped capacity 

representing building inside air heat capacity [36]. This simple yet reliable model has been used in DSM where 

optimisation is involved [37, 38]. The indoor air temperature is affected by several factors including the HVAC 

power transformation efficiency, 𝜂𝐻𝑉𝐴𝐶 , the heat capacity of the building, 𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 , the outdoor ambient air 

temperature, 𝑇𝑜, the ground temperature 𝑇, the ventilation temperature 𝑇𝑣, and their conductance with the indoor 

air temperature (𝐻𝑖𝑜 , 𝐻𝑖𝑔 , 𝐻𝑖𝑣). In this work, 𝑇𝑔 , and 𝑇𝑣  are considered as constant. The multiplication term 

𝜂𝐻𝑉𝐴𝐶 ∙ 𝑃𝐻𝑉𝐴𝐶  is the HVAC power output used to keep the indoor air temperature.  

Since the CHP is close to the building or even part of the building, the power transmission loss over a short 

distance is very small and can normally be ignored. Nevertheless, a factor of HVAC power demand efficiency, 

𝜂𝐻𝑉𝐴𝐶 , is introduced in (10), to account for power transmission losses from CHP to HVAC. With this model, the 

temperature function related to the HVAC load can be formulated as 
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To consider seasonal variation impacts, operation modes for heating (mostly in winter) and cooling (mostly in 

summer) are considered. The following constraint is applied to keep the indoor temperature within the desired 

range  

 
min max( )i i iT T t T   (12) 

where 𝑇𝑚𝑖𝑛
𝑖  and 𝑇𝑚𝑎𝑥

𝑖  are the lower and upper bounds for indoor temperature. 

2.4. Energy storage systems modelling 

2.4.1. Energy stored in ESS and TSS 

Energy storage systems include ESS and TSS in this building model. Considering storage efficiencies, the 

time-varying energy stored in ESS and TSS are described by  

 ( ) ( 1) ( )P P P sS t S t P t t=  − −    (13) 

 ( ) ( 1) ( )Q Q Q sS t S t Q t t=  − −    (14) 



where 𝑆𝑃 and 𝑆𝑄 are the energy stored in ESS and TSS, respectively; 𝜂𝑃 and 𝜂𝑄 are the storage efficiencies of 

ESS and TSS considering their self-discharging, which are set as 0.99 and 0.95, respectively. ∆𝑡 is the sampling 

period. In order to maintain the stability of the whole system, the charging/discharging power levels of each cycle 

are assumed to be fixed. The charging/discharging power of ESS and TSS are described by three states each, i.e., 

 

, if ESS is discharging

( )= , if ESS is charging

0, otherwise

s

e

P t e

+

−



  (15) 

 

, if TSS is discharging

( )= , if TSS is charging

0, otherwise

s

a

Q t a

+

−



  (16) 

where e and a are the charging/discharging powers of ESS and TSS, respectively, both are positive constants in 

kW. The energy stored in ESS and TSS are subject to equipment limitations [39] 

 
min max min max( ) , ( )P P P Q Q QS S t S S S t S     (17) 

where 
min

PS  and 
max

PS  are the minimum and the maximum energy stored in ESS; similarly 
min

QS  and 
max

QS  are the 

minimum and the maximum energy stored in TSS. The storage capacity of TSS equipped with unpressurised water 

tanks can be calculated by (18), in which water temperature at the top is set to be 98 ℃. A drop of 5 ℃ of water 

temperature is assumed in the district heating network at its inlet and outlet. The maximum energy stored in TSS 

is therefore designed as 

 ( )( )max 1
min 5 ,98 ( 5)

3600
Q water g hS V C t t

t
  =    − − +

 
  (18) 

where 𝜌  is the water density; 𝑉  is the water volume in the TSS; 𝐶𝑤𝑎𝑡𝑒𝑟  is the heat capacity of water, 

𝐶𝑤𝑎𝑡𝑒𝑟  is 4.2 kJ/(kg ∙ ℃); 𝑡𝑔 and 𝑡ℎ are the supply and return water temperatures in the district heating network, 

respectively; ∆𝑡 is 1 hour in this work.  

2.4.2. Degradation costs of ESS 

The SOC of ESS is described as 𝑆𝑂𝐶(𝑡) = 𝑆𝑝(𝑡) 𝐶𝐸𝑆𝑆⁄ , where 𝐶𝐸𝑆𝑆 is the storage capacity of ESS. The SOC-

related degradation cost of ESS can be formulated as 

 
max

( )
( ) =

15 365 24

ESS

SOC con

SOC t
c t c

CF

  −


  
  (19) 

where 𝑐𝑐𝑜𝑛 is the construction cost of the battery, which is assumed as £15,000 (100 kW ∙ h)⁄  [40]; 𝛼 and 𝛽 are 

determined by linear regression from battery’s measured data, which are 1.59𝑒 − 5 and 6.41𝑒 − 6, respectively 

[41]; 𝐶𝐹𝑚𝑎𝑥 is the maximum capacity fade constant, which in this study is set as 20%. The lifetime of the ESS is 

set as 15 years with each year consisting of 365 days. 

The depth of charge (DOD)- related degradation cost per discharging cycle (£/cycle) can be expressed by [42] 

 
( )

( )
( ) =

( )

ESS

DOD con

DOD t
c t c

f DOD t





  (20) 

where ∆𝐷𝑂𝐷 is the DOD variation of a particular discharging cycle, and the lifecycle number of the battery is 

related to DOD variation and can be written as 



 
( ) ( ) ( )(

( ) )

4 3 2

5

= ( ) 1.06 2.80 2.66

1.07 0.17 10

f DOD DOD DOD DOD

DOD

  =   −   +  

−   + 
  (21) 

3. Energy Cost Minimisation  

The total energy cost, 𝑐𝑡𝑜𝑡𝑎𝑙, consists of four parts: electricity cost 𝑐𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 , natural gas cost 𝑐𝑔𝑎𝑠, storage 

systems cost 𝑐𝑠𝑡𝑜𝑟𝑎𝑔𝑒 , and income from selling excess electricity 𝑐𝑖𝑛𝑐𝑜𝑚𝑒 . Thus, the energy cost model can be 

written as 

 electricitotal gas storage incomty ecc c cc + −+=   (22) 

The electricity cost is the sum of purchased electricity multiplied by the TOU tariff 𝑐1.  

 ( ) ( )1

1

=electricity

T

grid

t

c c t tP t
=

    (23) 

According to the power flow in the S.E. Hub (Figure 1), the purchased power from grid at each time slot can be 

formulated as 

 ( ) ( ) ( ) ( ) ( ) ( )1grid HVAC L s excessP t P t P t P t P t P t= + − − +   (24) 

The cost of natural gas purchased from the gas utility is calculated by 

 ( )2

1

=
T

gas CHP

t

MF ttc c G
=

    (25) 

where the CHP operation cost equivalent to 𝑐2 ∙ 𝐺𝑀𝐹𝐶𝐻𝑃 is given in (1) in the CHP model. The operational cost 

of TSS is negligible because of its relatively low construction cost and its simple working principle. The ESS cost 

includes the SOC-related and DOD-related costs.  

 ( )
1

= ( ) ( )ES
T

storage

t

S ESS

SOC DODc t c tc
=

+   (26) 

𝑐𝑆𝑂𝐶
𝐸𝑆𝑆  and 𝑐𝐷𝑂𝐷

𝐸𝑆𝑆  are obtained by (19) and (20), respectively. Besides, when the CHP unit generates excessive 

electricity, it can be sold to the power grid to get income. 

 3

1

( )
T

excincome ess

t

c Pc t t
=

=     (27) 

 ( ) 1( ) = max ( ) ( ) ( ) ( ) , 0excess HVAC L sP t P t P t P t P t− − +   (28) 

 ( ) ( ) 0excess gridP t P t =   (29) 

Equation (29) assures that 𝑃𝑒𝑥𝑐𝑒𝑠𝑠 and 𝑃𝑔𝑟𝑖𝑑 do not exist simultaneously. 𝑃𝑔𝑟𝑖𝑑  and 𝑃𝑒𝑥𝑐𝑒𝑠𝑠  are affected by CHP 

operation, load management of HVAC and energy storage systems operation. The total energy cost of the S.E. 

Hub is therefore written as  

 ( )( ) ( )1 2 3

1 1

( ) ( ) ( ) ( ) ( )
T T

total grid CHP exce

ESS ESS

SOC DODss

t t

c c t t tP c GMF c P tt c t c t
= =

= +   +−  +    (30) 

In this proposed S.E. Hub operation control model, there are four controllable components, namely the CHP 

unit, the HVAC system, ESS and TSS. A total number of 12 decision variables for these four components are 

listed in Table 1. 



Table 1 Decision variables in S.E. Hub optimisation 

Components Decision variables Values 

CHP 𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5  Real numbers between 0 and 1 

HVAC 𝑏1, 𝑏2, 𝑏3, 𝑏4, 𝑏5  Binary numbers 0 or 1 

ESS 𝑃𝑠(𝑡)  Integers 𝑎, −𝑎, 𝑎𝑛𝑑 0 

TSS  𝑄𝑠(𝑡)  Integers 𝑒, −𝑒, 𝑎𝑛𝑑 0 

 

Denoting the 12 decision variables in a vector,  

 
T

1 2 3 4 51 2 3 4 5= , , , , , , , , , , ,s sx x x b b b b b P Qx x      (31) 

the energy cost minimisation problem is formulated as follows 
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where Φ is the admissible domain of 𝜙. Recall that hourly time step is selected in the optimisation model, which 

is a general setting for a building energy system. This setting mainly considers the actual operating constraints of 

some building components, such as CHP and energy storage systems, where frequent modifications will reduce 

their lifecycle. 

The controlled variables include both real and integer variables; thus, the optimisation is a mixed-integer 

programming problem. A stochastic global search method, Genetic Algorithm (GA) [43], is selected to solve this 

problem. GA simulates the biological processes of reproduction and the natural selection to find the optimal 

solution, which is proved to have good convergence rate, low computational time and high robustness with 

satisfactory precision [44]. Compared to traditional optimisation algorithms, GA is conceptually simple without 

requirement of gradient information. Furthermore, GA has the ability to deal with various optimisation problems, 

such as stationary or non-stationary, linear or non-linear, continuous or discontinuous objective functions [45]. 

The simulation studies in next section are carried out in Matlab. The optimisation problem in (30)-(32) is solved 

by the GA algorithm coded by the authors, which shows better convergence performance than the built-in GA 

function in Matlab. The GA for an optimisation problem is based on binary coded genetics, which means an 

optimisation function will be encoded as arrays of bit strings to represent chromosomes. Selection of their fitness, 

and other operations of strings are determined by genetic operators. Key steps include the following: (a) encode 

the objective function; (b) define a fitness function; (c) create a population of the individuals; (d) execute the 

iterations by evaluating the fitness of all the individuals; (e) create a new population by performing crossover and 



mutation; (f) reproduce fitness-proportionate; (g) replace the old population and iterate the process using the new 

population; (h) repeat steps (d) to (g) until finding the optimal solution; (i) decoding the optimal solution to the 

required range of decision variables. To implement this computation, necessary information needs to be prepared 

including the initial values of the controlled variables, the matrix representations of linear constraints, user defined 

nonlinear function for performance index and nonlinear constraints. In the simulations in Section 4, the population 

size is set as 100, the selection probability is set as 0.8, the crossover probability and the mutation probability are 

set to be 0.5 and 0.05, respectively. 

4. Case Study: Optimisation of S.E. Hub under Different Scenarios 

In this section, four scenarios are established for different model configurations of S.E. Hub. To be more 

specific, Scenario 1 has the dynamic control of CHP only; Scenario 2 has only the HVAC load management; 

Scenario 3 combines the dynamic control of CHP and the HVAC load management; and Scenario 4 is expanded 

from Scenario 3 by adding two energy storage systems, ESS and TSS.  

Scenarios 1 and 2 show energy cost saving performance achieved by CHP operation control and HVAC load 

management, respectively. Scenario 3 illustrates better performance in combining the dynamic control of CHP 

heat-power ratio and HVAC load management than the individual controls in Scenarios 1 and 2. Scenario 4 tests 

further the role of electrical and thermal energy storage systems in addition to the combined control in Scenario 

3. In all these scenarios, the objective is to minimize the operational cost. The capital cost of any component 

(CHP, electrical storage system and thermal storage system) is not included in the optimisation. 

The system specifications and the baseline system simulation from survey data are given in Section 4.1. The 

system operation with CHP optimal control only is discussed (Scenario 1) in Section 4.2; Section 4.3 simulates 

S.E. Hub control with only HVAC load management, where a centralised gas boiler is used to replace the CHP 

unit for thermal demand (Scenario 2). The combined CHP dynamic control and HVAC load management without 

energy storages are presented in Section 4.4 as Scenario 3. Section 4.5 presents the results of Scenario 4 that 

further includes the control of energy storage systems. Section 4.6 applies the proposed strategy in Scenario 4 to 

a summer-time case study in order to discuss the seasonal variation impacts to the proposed strategy. 

4.1. System specifications and the baseline system 

The initial energy hub without optimal control is taken as the baseline system. The model is established using 

data collected from a smart hotel building in [46]. The outdoor air temperature is the historical temperature data 

in November 2016 [47]. The settings of constant parameters are provided in  

Table 2. Both the gas price 𝑐2 and the sale-to-grid tariff 𝑐3 are taken from [48].  

 

Table 2 Parameter settings of the S.E. Hub system 

Parameters Values Parameters Values Parameters Values 

𝑐2 0.0283 £/kWh  𝜂𝐻𝑉𝐴𝐶 0.85 𝑆𝑃
𝑚𝑖𝑛  100 kWh  

𝑐3 0.05 £/kWh  𝐶𝑏𝑢𝑖𝑙𝑑𝑖𝑛𝑔 22.92 kW/°C  𝑆𝑃
𝑚𝑎𝑥  400 kWh  

 𝑝𝑗 (80,80,250,400,400) kW 𝑇𝑔 12 °C  𝑆𝑄
𝑚𝑖𝑛  15 kWh  



𝑄𝑗 (10,200,500,350,10) kW 𝑇𝑣 12 °C  𝑆𝑄
𝑚𝑎𝑥  135 kWh  

𝑢𝑗 (10,10,45,35,34) £  𝑇𝑖(𝑡 = 0)  16 °C  𝜂𝑃 0.99 

𝑃𝐶𝐻𝑃
𝑚𝑎𝑥 400 kW 

min

iT
  16 °C  𝜂𝑄  0.95 

𝑃𝐶𝐻𝑃
𝑟𝑎𝑡𝑒 100 kW 

max

iT
  22 °C  𝜌 997 kg/m3  

𝑃1(𝑡 = 0) 100 kW 
ESSC   500 kWh 𝐶𝐹𝑚𝑎𝑥 20% 

𝜂1
ℎ𝑒𝑎𝑡 0.85  

TSSC   150 kWh 𝑡𝑔 90°𝐶 

𝑃𝑙𝐻𝑉𝐴𝐶
 (50,100,180,260,340) kW 𝑆𝑝(𝑡 = 0) 200 kWh 𝛼 1.59𝑒 − 5  

𝐻𝑖𝑜 16 kW/°C  𝑆𝑄(𝑡 = 0) 50 kWh  𝑡ℎ 40°𝐶  

𝐻𝑖𝑣 12.50 kW/°C  e 100 kW  𝛽 6.41𝑒 − 6  

𝐻𝑖𝑔 2.50 kW/°C  a 20 kW  𝑐𝑐𝑜𝑛 £75,000 

 

The ESS is lithium-ion batteries with capacity of 500 kWh, and its construction cost 𝑐𝑐𝑜𝑛 is estimated to be 

£75,000 [40]. This capital cost is used to calculate the degradation cost of batteries, which is part of system 

operational cost as formulated in (30). The length of simulation period is set as 15 days (360 hours) and each 

sampled time slot is 1 hour. The data of the TOU tariff, the outdoor temperature, the load of HVAC system without 

DSR, and the sum of inflexible power demands, over the 15 days, are illustrated in Figure 3. 

 

Figure 3 (a) The TOU tariff; (b) Outside air temperature; (c) Original HVAC load; (d) Sum of inflexible loads (survey data) 

In the original operation of this hotel building system, a centralised gas boiler is used for thermal supply to hot 

water usage without a CHP. No load management is applied to the HVAC system. All the electricity demands are 

supplied by the power grid. It is assumed that there is no loss of electricity transmission from the power grid to 

appliances. The power balance function of the baseline system is  

 ( ) ( ) ( )grid L HVACP t P t P t= +   (33) 



where the data for 𝑃𝐻𝑉𝐴𝐶  and 𝑃𝐿  are shown in Figure 3 (c) and (d). The power and thermal demand data are taken 

from the survey data, as illustrated in Figure 4 (a). The hourly costs of electricity and gas are calculated by ∆𝑡 ∙

𝑐1(𝑡) ∙ 𝑃𝑔𝑟𝑖𝑑(𝑡) and ∆𝑡 ∙ 𝑐2 ∙ 𝑄(𝑡) 𝜂𝑏𝑜𝑖𝑙𝑒𝑟⁄ , respectively, where 𝜂𝑏𝑜𝑖𝑙𝑒𝑟  is the operating efficiency of the gas boiler. 

The TOU tariff data 𝑐1(𝑡) are shown in Figure 3 (a). The outside temperature variation is shown in Fig. 3 (b). 

The results from the survey data are taken as the baseline results, which will be used for comparison with 

different control strategies presented later. It can be seen from Figure 4 (a) that the electricity power demand is 

much higher than the thermal demand for hot water. This is because the space heating is supplied by the HVAC 

system. The indoor temperature managed by HVAC consumes electricity power from the grid, and the gas is only 

used for thermal demand. Correspondingly, the electricity cost is much higher than the gas cost (Figure 4 (b)). 

The total energy cost of the baseline system is £12,040 over the 15 days. 

 

Figure 4 (a) The energy demands; (b) the energy costs of the baseline S.E. Hub system (survey data) 

4.2. Scenario 1: optimal control of CHP only 

Scenario 1 is designed to examine the control effects of CHP unit under the TOU tariff. No load management 

is applied to HVAC. Both 𝑃𝐻𝑉𝐴𝐶  and 𝑃𝐿  are taken as inflexible loads and the storage systems are not considered, 

as in the baseline system. The system configuration of Scenario 1 is shown in Figure 5. 

 

Figure 5. System configuration of Scenario 1 with only CHP control 

In this scenario with only CHP control, the power balance function is 
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 1( ) ( ) ( ) ( ) ( )grid L HVAC excessP t P t P t P t P t+ = + +   (34) 

The heat generated from CHP unit needs to cover the thermal demand, i.e., 𝜂ℎ𝑒𝑎𝑡 ∙ 𝑄1(𝑡) ≥ 𝑄(𝑡). The hourly 

energy cost in Scenario 1, 𝑐𝑠1, is calculated by 

 ( )1 21 3( ) ( )( ) ( ) ( )grid CHP exs cesst P t c GMF t c Pc t t c t=    + −    (35) 

 

Figure 6 Scenario 1: (a) Power output of CHP unit and (b) power purchased from the grid 

The five decision variables in CHP control are denoted as 𝜙1 = [𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5]T. The calculated power 

generation and the power purchased from the grid are shown in Figure 6 (a) and Figure 6 (b), in both the TOU 

tariff is provided as a reference. The control of CHP unit is shown to be effective over the whole time period under 

a TOU tariff because in this scenario the CHP unit is the sole hot water supplier. From the surveyed data in Figure 

4, the thermal demand of the building system is lower compared to the electricity demand, this implies that 

excessive heat generation from CHP may lead to more heat losses without energy storage systems. Due to the 

high coupling characteristics of power and heat production in CHP, it is more economical to purchase electricity 

from the grid, especially at the time of low electricity price. When the electricity price is high, the CHP system 

tends to generate more power (Figure 6 (a)); and when the electricity price is low, the S.E. Hub purchases 

electricity from the power grid (Figure 6 (b)).  



 

Figure 7 Electricity cost, gas cost and income in Scenario 1 

The gas and electricity costs as well as the income in Scenario 1 are shown in Figure 7. Comparing Figure 7 

with Figure 4 (b), it can be seen that the gas cost is increased when a CHP is included in the S.E. Hub, but the 

electricity cost from the grid supply is reduced. The total energy costs from the grid and gas consumption together, 

under CHP control and baseline settings, are shown in Figure 8, from which the cost reduction by CHP dynamic 

control can be clearly seen. The sum of the total energy cost over 15 days is £9,718 with CHP control (Scenario 

1), while the sum for the baseline system is £12,040. 

 

Figure 8 Energy costs under CHP control (Scenario 1) and baseline settings 

4.3. Scenario 2: with HVAC load management only 

In this scenario, we consider only the HVAC load management in optimisation of S.E. Hub. Like the baseline 

system, a centralised gas boiler system is used to replace the CHP unit to supply thermal demand. Without CHP, 

the electricity supply is purely from power grid. The HVAC load is controlled at on/off status of each HVAC 

power level, via the binary decision variables, 𝑏𝑙𝐻𝑉𝐴𝐶
. The system configuration of Scenario 2 is shown in Figure 

9. 
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Figure 9 System configuration in Scenario 2 with only HVAC load management 

The heat demand is supplied by the heat flow, 𝐻𝐹𝑏𝑜𝑖𝑙𝑒𝑟 , generated by the gas boiler, that is, 𝑄(𝑡) =

𝐻𝐹𝑏𝑜𝑖𝑙𝑒𝑟(𝑡) = 𝜂𝑏𝑜𝑖𝑙𝑒𝑟 ∙ 𝐺𝑀𝐹𝑏𝑜𝑖𝑙𝑒𝑟(𝑡) . The grid power formulation is the same as the baseline system, i.e. 

𝑃𝑔𝑟𝑖𝑑(𝑡) = 𝑃𝐿(𝑡) + 𝑃𝐻𝑉𝐴𝐶(𝑡). The hourly energy cost for Scenario 2, 𝑐𝑠2, is calculated by 

 ( )1 22 ( ) ( ) ( ) ( ) boi r

rids

le

gt P tc tc Q tc t = +    (36) 

 

Figure 10 Scenario 2: (a) indoor air temperature and (b) HVAC load under the TOU tariff 

The five decision variables in HVAC load management are denoted as 𝜙2 = [𝑏1, 𝑏2, 𝑏3, 𝑏4, 𝑏5]T. The results 

of the indoor temperature and HVAC load variations are shown in Figure 10. As can be seen in Figure 10 (a), the 

hotel building’s indoor air temperature is kept within the required range of [16, 22] ℃. When the HVAC system 

is on, its power is controlled at 5 levels [50, 100,180, 260, 340] kW (Figure 10 (b)), which is affected by the TOU 

tariff. The HVAC system is in off status in a few occasions. In order to reduce the load demand around the peak 

electricity price, the controlled HVAC system increases its load demand before the peak price so as to increase 

the indoor air temperature before the peak time. With this pre-action, the overall HVAC load is lowered while the 

internal temperature can still be kept within the desired range; the total system operational cost is thus reduced. 



 

Figure 11 Energy costs under HVAC load management (Scenario 2) and baseline settings 

In the baseline system with survey data, there were times when the hotel was sparsely occupied and that reduced 

power demand. With the HVAC control in Scenario 2, it is assumed that all rooms are occupied at all times and 

the temperatures in all rooms need to be kept within the desired range. Thus, the total cost of Scenario 2 is higher 

than the baseline system at some time slots as shown in Figure 11. With the optimal HVAC operation in Scenario 

2, the sum of the total energy cost over the 15 days is £11,305, which brings a reduction of 6.1% compared to 

£12,040 in the baseline system. 

4.4. Scenario 3: integration of CHP control and HVAC load management without energy storage. 

In this scenario, the system operates with integrated CHP dynamic control and HVAC load management. The 

system configuration of Scenario 3 is shown in Figure 12. To start with, the storage systems are not included. The 

10 decision variables are denoted as 𝜙3 = [𝑥1, 𝑥2, 𝑥3, 𝑥4, 𝑥5, 𝑏1, 𝑏2, 𝑏3, 𝑏4, 𝑏5]T. 
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Figure 12 System configuration of Scenario 3 – integrated CHP control and DSR 

The electricity power output and the HVAC load are shown in Figure 13 (a), the CHP heat generation and the 

thermal demand is shown in Figure 13 (b). In Figure 13 (a), the optimised HVAC load and the inflexible other 

loads constitute the optimised power demand. Comparing Figure 13 (a) with Figure 6 (a), it can be seen that the 

peak value of CHP output power in Scenario 3 is lower than that in Scenario 1 (CHP control only), but the CHP 



power output in Scenario 3 has smaller variations, which is helpful to extend the lifecycle of CHP units. In 

Scenario 3, the power demands are supplied by both the CHP unit and the power grid, among them the CHP 

provides most of the electricity demand.  

 

Figure 13 Scenario 3: (a) CHP power output and power demand; (b) CHP heat output and thermal demand 

 

Figure 14 Scenario 3: (a) Power purchased from the power grid and (b) power sold to the grid. 

The grid power is shown in Figure 14 (a) and the excessive power in Scenario 1 and Scenario 3 are shown in 

Figure 14 (b). In Scenario 3, the Hub system avoids purchasing electricity from the grid during the peak price 

period. On the other hand, the excessive power sold back to the grid is much more than Scenario 1. Therefore, the 

system flexibility has been improved through the combined CHP dynamic control and HVAC load management.  

The controlled indoor temperature profile is shown in Figure 15 (a) and the HVAC power operation levels are 

given in Figure 15 (b). The integrated control strategy in Scenario 3 can shift the HVAC load and optimise the 

CHP generation simultaneously under the TOU tariff. With the CHP control included, the DSR program is less 

dependent on TOU tariff. 



 

Figure 15 Scenario 3: (a) indoor air temperature and (b) HVAC load under the TOU tariff 

 

Figure 16 Energy costs in Scenario 3 and the baseline system 

The hourly energy cost of Scenario 3 is compared to the baseline system as shown in Figure 16. The optimised 

total energy cost in this scenario is significantly lower than the baseline system. The total energy cost in Scenario 

3 is £9,133 which is a reduction of 24.1% compared to the baseline system (£12,040). The performance of 

Scenario 3 is also better than the CHP control in Scenario 1 (£9,718) and the HVAC load management in Scenario 

2 (£11,305), in that the total cost is reduced and the system flexibility is enhanced.  

4.5. Scenario 4: Integrated control of CHP and DSR including energy storage systems 

In Scenario 4, control of energy storage systems is incorporated into the integrated CHP control and HVAC 

load management scheme. The rated capacity of ESS and TSS are 500 𝑘𝑊 ∙ ℎ and 150 𝑘𝑊 ∙ ℎ, with the initial 

status of 200 𝑘𝑊 ∙ ℎ and 50 𝑘𝑊 ∙ ℎ, respectively. The charging/discharging power levels of ESS and TSS are 100 

kW and 20 kW respectively. The hourly input data include the TOU tariff, the outdoor air temperature, the 

electricity demand of all inflexible loads, and the thermal demands. 

With the controlled charging/discharging operations, ESS can improve the S.E. Hub system in two aspects. 

One is to purchase electricity from the power grid during valley tariff period through battery charging. The other 



one is to support CHP generation to get a more economic performance, for example, ESS can share the electricity 

load with the CHP unit at the peak tariff periods. TSS can be used to enhance the CHP performance in response 

to thermal demand variations, reducing impact to CHP from thermal demand variations. In view of safety and 

economic requirements, the energy stored in ESS and TSS are limited between 100 − 400 𝑘𝑊 ∙ ℎ and 15 −

135 𝑘𝑊 ∙ ℎ, respectively.  

 

Figure 17 Power purchased from the grid in (a) Scenario 3 and (b) Scenario 4 

 

Figure 18 Excessive power sold back to the grid in (a) Scenario 3 and (b) Scenario 4 

For Scenario 3 (without storage) and Scenario 4 (with storage), the purchased power from the grid and the 

excessive power sold back to grid are shown in Figure 17 and Figure 18, respectively. The amount of power 

purchased from the grid and the sold back in Scenario 4 are much higher than those in Scenario 3. The storage 

systems give more flexibility to the Hub in response to a varying electricity price. The S.E. Hub can purchase 

more power from the grid during low price periods to store in ESS. The combination of ESS and TSS also reduces 

influence from thermal demand variations. Instead of increasing the indoor air temperature and modifying CHP 



generation before the peak value of electricity price as in Scenario 3, the strategy in Scenario 4 has the alternative 

to save energy, can further reduce the energy cost of the Hub (Fig. 20). 

 

Figure 19 Hourly energy costs in Scenario 4 and the baseline system 

The sum of energy cost in Scenario 4 is £8,844 including the degradation cost of ESS saving 26.5% of total 

operational cost compared to the baseline system, the costs comparison between these two can also be seen in Fig. 

19. The cost saving performance of the proposed strategy in Scenario 4 is the best among the four controlled 

scenarios. 

 

Figure 20 CHP’s heat/power ratios in Scenarios 1, 3 and 4 

The CHP’s heat/power ratio (𝑄1 𝑃1⁄ ) is dynamically controlled during the operation period. As shown in Figure 

20, the CHP’s heat/power ratios in Scenario 4 are less than one in most times, it means that the ESS and TSS 

enhance the CHP’s modulation under varying power and thermal demand of this S.E. Hub, where the power 

demand is much higher than the thermal demand in the survey data (Figure 4 (a)).  

The optimisation results of the four scenarios and the baseline system are tabulated in 

Table 3. The results from the baseline system are calculated using the survey data. All controlled scenarios 

have achieved cost reduction compared to the baseline system. Scenario 1 shows energy cost saving performance 

from CHP generation in energy hubs. Scenario 2 indicates the effectiveness of HVAC load management that is 



applied in many commercial and residential buildings. The total cost in Scenarios 3 is lower than Scenarios 1 and 

2, which demonstrates that combining CHP control and DSR together will have lower cost than the cases to control 

only CHP or HVAC load. With the addition of energy storage systems to the combined CHP and HVAC control 

in Scenario 3, more flexibility and cost savings are demonstrated in Scenario 4. That is, the overall operational 

cost in Scenario 4 is the lowest within the 4 scenarios.   

Table 3 Cost split and overall cost in different scenarios 

 Grid cost 

(£) 

Gas cost 

(£) 

Income 

(£) 

ESS deg. 

cost (£) 

Total cost 

(£) 

Reduction 

rate (%) 

Baseline system 11,223 817 0 0 12,040  

Scenario 1 (CHP) 2,414 7,408 104 0 9,718 19.29 

Scenario 2 (HVAC) 10,760 545 0 0 11,305 6.10 

Scenario 3 (CHP + HVAC) 845 8,950 662 0 9,133 24.14 

Scenario 4 (CHP+HVAC + 

ESS + TSS) 

1,679 7,893 936 208 8,844 26.54 

The comparisons among the four scenarios provide insights to the benefits of S.E. Hub energy management 

and building energy system upgrade. For example, most commercial buildings have HVAC system for space 

heating and cooling, but are rarely equipped with a distributed CHP generation. For CHP investment, the 

comparison between Scenarios 2 and 3 can help building owners to estimate the payback period of a new CHP 

investment. A CHP investment optimisation model under the operational strategy of Scenario 3 for a building 

system is reported in the first author’s PhD thesis [49]. Comparison between Scenario 3 and Scenario 4 convinces 

the necessity of having a storage system in the hub. The Pros and Cons of the baseline system and four scenarios 

are summarized in Table 4. 

Table 4 Pros and Cons of different scenarios 

 Pros Cons 

Baseline system Most simple energy system Highest operational cost 

Scenario 1  

(CHP) 

19.3% energy cost saving can be 

achieved in comparison to the 

baseline 

Heat and power split ratio of CHP 

operation is frequently changed, which is 

not friendly to CHP’s lifecycle.  

Scenario 2  

(HVAC) 

7.1% energy cost savings can be 

obtained 

Does not consider the application of any 

new power sources such as the CHP. 

Scenario 3  

(CHP + HVAC) 

System flexibility is improved than 

Scenarios 1 and 2, and more energy 

cost saving is achieved (24.1%)  

CHP is the sole thermal heat supplier, 

which restricts the power generation 

performance of CHP  

Scenario 4 

(CHP+HVAC + 

ESS + TSS) 

Strongest system flexibility and 

cheapest operational cost (26.5%) 

Complex control system and advanced 

communication techniques are required in 

additional to higher capital investment 



It is noted from the above table that Scenario 4 has the strongest system flexibility and largest energy cost 

savings comparing to the other three scenarios. The storage systems in Scenario 4 can not only improve the hub 

reliability and flexibility, reduce electricity usage at the peak tariff period, but also enhance the CHP power 

generation performance by reducing influence from thermal demand variations.  

4.6. Seasonal variation discussion – summer season 

The proposed optimisation strategy is applicable to all seasonal conditions since the outdoor air temperature is 

considered in the model. The power and cost models remain unchanged under all seasons, but the HVAC model 

in (11) has two different modes – heating (mostly in winter) and cooling (mostly in summer). In the above 

simulations, a winter case is discussed. In this subsection, we apply the proposed strategies to a summer time case 

study using the same S.E. Hub model. 

In a typical summer-time setting, the space cooling can be achieved by the HVAC system. As shown in Figure 

21 (a), the building’s indoor air temperature is kept within the required range of [19, 25] ℃. The HVAC power 

load is controlled at five levels (Figure 21 (b)), which is affected by both the TOU tariff and the outdoor 

temperature variation. Similar to the winter case, in order to reduce the load demand at the period of peak 

electricity price, the controlled HVAC system increases its cooling load in advance so as to reduce the indoor air 

temperature before the peak-price time. In this way the overall HVAC load is reduced while the indoor 

temperature comfort is not compromised. 

 

Figure 21 The indoor and outdoor temperatures (a) and the HVAC load (b) under the proposed strategy of Scenario 4 in summer case 



 

Fig. 22 Excessive and purchased power comparison among Scenarios 3 and 4 in summer case 

Similar to the winter case, the amount of power sold or purchased are much higher in Scenario 4 than in 

Scenario 3 (see Fig.22). This suggests that the use of storage system gives more flexibility to the hub in response 

to a varying electricity price. As can be seen in  

Table 5, the total costs of Scenarios 3 and 4 are lower than Scenarios 1 and 2 in summer case. This demonstrates 

that the integrated CHP control and DSR can achieve better cost saving performance than separate CHP control 

or HVAC load management. The overall cost in Scenario 4 remains the lowest among all strategies. 

 

Table 5 Cost split and overall cost in summer case 

 Grid cost 

(£) 

Gas cost 

(£) 

Income 

(£) 

ESS deg. 

cost (£) 

Total cost 

(£) 

Reduction 

rate (%) 

Baseline system 12,421 636 0 0 13,057  

Scenario 1 (CHP) 2,924 7,674 116 0 10,482 19.72 

Scenario 2 (HVAC) 11,659 445 0 0 12,104 7.30 

Scenario 3 (CHP + HVAC) 920 9,565 679 0 9,806 24.90 

Scenario 4 (CHP+HVAC + 

ESS + TSS) 

1,863 8,396 985 208 9,482 27.38 

5. Conclusions 

In this paper, an energy cost minimisation scheme is proposed to achieve the optimal control of a CHP, 

electricity and thermal storage systems, and HVAC load management for an S.E. Hub. The results demonstrate a 

new way to improve S.E. Hub operational efficiency through dynamically changing the heat-power ratio of CHP 

and the integrated optimal operation of CHP and DSR. Four scenarios are compared for 1) CHP control only, 2) 

HVAC load management only, 3) combined CHP control and HVAC load management, and 4) integrated control 

of CHP and HVAC plus energy storage. By comparing to Scenarios 1 and 2 where the control of CHP operation 

and HVAC load are separately implemented, the effectiveness of the combined control of CHP and HVAC is 

demonstrated in Scenario 3, which is more obvious in the recommended case of Scenario 4 where energy storage 



facilities are added. Indeed, when energy storages are available, the cost savings through dynamic control of the 

heat-power ratio of CHP is more significant. The use of ESS can reduce electricity energy demand during the 

peak tariff period, and ESS can also be properly charged or discharged to ensure that the CHP unit continues to 

operate at a high level of power generation. TSS can reduce the impact of thermal heat demand and enable CHP 

to operate at full power to save electricity cost. The case study reveals that more than 25% of the total operational 

cost in 15 days can be saved under the proposed strategy enabled by optimal CHP operation, HVAC load 

management, and ESS and TSS operation.  

This paper focuses on the operation part of S.E. Hubs with price-based DSR. Further research will include 

capital cost for S.E. Hub design under other types of DSR, such as incentive-based programs. Renewable 

generations and electric vehicles are new entries to S.E. Hubs that will bring new challenges to the optimisation 

scheme. The proposed optimal strategy can be expanded to include forecasting data, such as predictive electricity 

price, power/thermal demand, and environmental data. This will enable real-time control for S.E. Hub systems, 

and therefore enhance its real applications. 

References 

[1] M. Mohammadi, Y. Noorollahi, B. Mohammadi-ivatloo, M. Hosseinzadeh, H. Yousefi, and S. T. 

Khorasani, "Optimal management of energy hubs and smart energy hubs – A review," Renewable and 

Sustainable Energy Reviews, vol. 89, pp. 33-50, 2018. https://doi.org/10.1016/j.rser.2018.02.035. 

[2] R. Li, W. Wei, S. Mei, Q. Hu, and Q. Wu, "Participation of an Energy Hub in Electricity and Heat 

Distribution Markets: An MPEC Approach," IEEE Transactions on Smart Grid, vol. 10, pp. 3641-3653, 

2018. https://doi.org/10.1109/TSG.2018.2833279. 

[3] K. Zhou, C. Fu, and S. Yang, "Big data driven smart energy management: From big data to big insights," 

Renewable and Sustainable Energy Reviews, vol. 56, pp. 215-225, 2016. 

https://doi.org/10.1016/j.rser.2015.11.050. 

[4] Y. Li, B. Feng, G. Li, J. Qi, D. Zhao, and Y. Mu, "Optimal distributed generation planning in active 

distribution networks considering integration of energy storage," Applied Energy, vol. 210, pp. 1073-

1081, 2018. https://doi.org/10.1016/j.apenergy.2017.08.008. 

[5] A. Sheikhi, S. Bahrami, and A. M. Ranjbar, "An autonomous demand response program for electricity 

and natural gas networks in smart energy hubs," Energy, vol. 89, pp. 490-499, 2015. 

https://doi.org/10.1016/j.energy.2015.05.109. 

[6] J. Liu, W. Zhang, R. Zhou, and J. Zhong, "Impacts of distributed renewable energy generations on smart 

grid operation and dispatch," in 2012 IEEE Power and Energy Society General Meeting, 22-26 July  

2012, pp. 1-5. https://doi.org/10.1109/PESGM.2012.6344997. 

[7] S. O. Sobhani, S. Sheykhha, and R. Madlener, "An integrated two-level demand-side management game 

applied to smart energy hubs with storage," Energy, vol. 206, pp. 118017, 2020. 

https://doi.org/10.1016/j.energy.2020.118017. 

[8] M. M. Maghanki, B. Ghobadian, G. Najafi, and R. J. Galogah, "Micro combined heat and power (MCHP) 

technologies and applications," Renewable and Sustainable Energy Reviews, vol. 28, pp. 510-524, 2013. 

https://doi.org/10.1016/j.rser.2013.07.053. 

[9] M. Ebrahimi and A. Keshavarz, "1 - CCHP Literature," in Combined Cooling, Heating and Power. 

Boston: Elsevier, 2015, pp. 1-34. 

[10] S. Cao, A. Mohamed, A. Hasan, and K. Sirén, "Energy matching analysis of on-site micro-cogeneration 

for a single-family house with thermal and electrical tracking strategies," Energy and Buildings, vol. 68, 

pp. 351-363, 2014. https://doi.org/10.1016/j.enbuild.2013.09.037. 

[11] A. D. Hawkes and M. A. Leach, "Cost-effective operating strategy for residential micro-combined heat 

and power," Energy, vol. 32, no. 5, pp. 711-723, 2007. http://dx.doi.org/10.1016/j.energy.2006.06.001. 

[12] O. A. Shaneb, P. C. Taylor, and G. Coates, "Optimal online operation of residential μCHP systems using 

linear programming," Energy and Buildings, vol. 44, pp. 17-25, 2012. 

http://dx.doi.org/10.1016/j.enbuild.2011.10.003. 

[13] H. Wang, W. Yin, E. Abdollahi, R. Lahdelma, and W. Jiao, "Modelling and optimization of CHP based 

district heating system with renewable energy production and energy storage," Applied Energy, vol. 159, 

pp. 401-421, 2015. http://dx.doi.org/10.1016/j.apenergy.2015.09.020. 

https://doi.org/10.1016/j.rser.2018.02.035
https://doi.org/10.1109/TSG.2018.2833279.
https://doi.org/10.1016/j.rser.2015.11.050
https://doi.org/10.1016/j.apenergy.2017.08.008
https://doi.org/10.1016/j.energy.2015.05.109
https://doi.org/10.1109/PESGM.2012.6344997.
https://doi.org/10.1016/j.energy.2020.118017
https://doi.org/10.1016/j.rser.2013.07.053
https://doi.org/10.1016/j.enbuild.2013.09.037
http://dx.doi.org/10.1016/j.energy.2006.06.001
http://dx.doi.org/10.1016/j.enbuild.2011.10.003
http://dx.doi.org/10.1016/j.apenergy.2015.09.020


[14] H. Cho, A. D. Smith, and P. Mago, "Combined cooling, heating and power: A review of performance 

improvement and optimization," Applied Energy, vol. 136, pp. 168-185, 2014. 

http://dx.doi.org/10.1016/j.apenergy.2014.08.107. 

[15] J. Wang, S. You, Y. Zong, C. Træholt, Z. Y. Dong, and Y. Zhou, "Flexibility of combined heat and 

power plants: A review of technologies and operation strategies," Applied Energy, vol. 252, pp. 113445, 

2019. https://doi.org/10.1016/j.apenergy.2019.113445. 

[16] K. H. S. V. S. Nunna and S. Doolla, "Responsive end-user-based demand side management in 

multimicrogrid environment," IEEE Transactions on Industrial Informatics, vol. 10, no. 2, pp. 1262-

1272, 2014. https://doi.org/10.1109/TII.2014.2307761. 

[17] M. Saleh, Y. Esa, Y. Mhandi, W. Brandauer, and A. Mohamed, "Design and implementation of CCNY 

DC microgrid testbed," in 2016 IEEE Industry Applications Society Annual Meeting, 2-6 October 2016, 

pp. 1-7. https://doi.org/10.1109/IAS.2016.7731870. 

[18] G. G. Dranka and P. Ferreira, "Review and assessment of the different categories of demand response 

potentials," Energy, vol. 179, pp. 280-294, 2019. https://doi.org/10.1016/j.energy.2019.05.009. 

[19] J. J. Chen, B. X. Qi, Z. K. Rong, K. Peng, Y. L. Zhao, and X. H. Zhang, "Multi-energy coordinated 

microgrid scheduling with integrated demand response for flexibility improvement," Energy, vol. 217, 

p. 119387, 2021. https://doi.org/10.1016/j.energy.2020.119387. 

[20] S. Yousefi, M. P. Moghaddam, and V. J. Majd, "Optimal real time pricing in an agent-based retail market 

using a comprehensive demand response model," Energy, vol. 36, no. 9, pp. 5716-5727, 2011. 

http://dx.doi.org/10.1016/j.energy.2011.06.045. 

[21] J. Torriti, "Price-based demand side management: Assessing the impacts of time-of-use tariffs on 

residential electricity demand and peak shifting in Northern Italy," Energy, vol. 44, no. 1, pp. 576-583, 

2012. https://doi.org/10.1016/j.energy.2012.05.043. 

[22] M. Á. Lynch, S. Nolan, M. T. Devine, and M. O’Malley, "The impacts of demand response participation 

in capacity markets," Applied Energy, vol. 250, pp. 444-451, 2019. 

https://doi.org/10.1016/j.apenergy.2019.05.063. 

[23] A. Ajoulabadi, S. N. Ravadanegh, and M.-I. Behnam, "Flexible scheduling of reconfigurable microgrid-

based distribution networks considering demand response program," Energy, vol. 196, p. 117024, 2020.  

https://doi.org/10.1016/j.energy.2020.117024. 

[24] T. G. Hlalele, J. Zhang, R. M. Naidoo, and R. C. Bansal, "Multi-objective economic dispatch with 

residential demand response programme under renewable obligation," Energy, vol. 218, p. 119473, 2021. 

https://doi.org/10.1016/j.energy.2020.119473. 

[25] L. Pérez-Lombard, J. Ortiz, and C. Pout, "A review on buildings energy consumption information," 

Energy and Buildings, vol. 40, no. 3, pp. 394-398, 2008. https://doi.org/10.1016/j.enbuild.2007.03.007. 

[26] I. Beil, I. Hiskens, and S. Backhaus, "Frequency Regulation From Commercial Building HVAC Demand 

Response," Proceedings of the IEEE, vol. 104, no. 4, pp. 745-757, 2016. 

http://doi.org/10.1109/JPROC.2016.2520640.  

[27] P. Palensky and D. Dietrich, "Demand Side Management: Demand Response, Intelligent Energy 

Systems, and Smart Loads," IEEE Transactions on Industrial Informatics, vol. 7, no. 3, pp. 381-388, 

2011. http://doi.org/10.1109/TII.2011.2158841. 

[28] J. Wang, H. Zhong, Z. Ma, Q. Xia, and C. Kang, "Review and Prospect of Integrated Demand Response 

in the Multi-Energy System," Applied Energy, vol. 202, pp. 772-782, 2017. 

http://doi.org/10.1016/j.apenergy.2017.05.150. 

[29] X. Wang, A. Palazoglu, and N. H. El-Farra, "Operational optimization and demand response of hybrid 

renewable energy systems," Applied Energy, vol. 143, pp. 324-335, 2015. 

https://doi.org/10.1016/j.apenergy.2015.01.004. 

[30] X. Jin, Y. Mu, H. Jia, J. Wu, T. Jiang, and X. Yu, "Dynamic economic dispatch of a hybrid energy 

microgrid considering building based virtual energy storage system," Applied Energy, vol. 194, pp. 386-

398, 2017. https://doi.org/10.1016/j.apenergy.2016.07.080. 

[31] M. Jin, W. Feng, P. Liu, C. Marnay, and C. Spanos, "MOD-DR: Microgrid optimal dispatch with demand 

response," Applied Energy, vol. 187, no. Supplement C, pp. 758-776, 2017. 

https://doi.org/10.1016/j.apenergy.2016.11.093. 

[32] P. Firouzmakan, R.-A. Hooshmand, M. Bornapour, and A. Khodabakhshian, "A comprehensive 

stochastic energy management system of micro-CHP units, renewable energy sources and storage 

systems in microgrids considering demand response programs," Renewable and Sustainable Energy 

Reviews, vol. 108, pp. 355-368, 2019. https://doi.org/10.1016/j.rser.2019.04.001. 

[33] A. Rong, H. Hakonen, and R. Lahdelma, "An efficient linear model and optimisation algorithm for multi-

site combined heat and power production," European Journal of Operational Research, vol. 168, no. 2, 

pp. 612-632, 2006. https://doi.org/10.1016/j.ejor.2004.06.004. 

http://dx.doi.org/10.1016/j.apenergy.2014.08.107
https://doi.org/10.1016/j.apenergy.2019.113445
https://doi.org/10.1109/TII.2014.2307761.
https://doi.org/10.1109/IAS.2016.7731870.
https://doi.org/10.1016/j.energy.2019.05.009
https://doi.org/10.1016/j.energy.2020.119387
http://dx.doi.org/10.1016/j.energy.2011.06.045
https://doi.org/10.1016/j.energy.2012.05.043
https://doi.org/10.1016/j.apenergy.2019.05.063
https://doi.org/10.1016/j.energy.2020.117024
https://doi.org/10.1016/j.energy.2020.119473
https://doi.org/10.1016/j.enbuild.2007.03.007
http://doi.org/10.1109/JPROC.2016.2520640
http://doi.org/10.1109/TII.2011.2158841
http://doi.org/10.1016/j.apenergy.2017.05.150
https://doi.org/10.1016/j.apenergy.2015.01.004
https://doi.org/10.1016/j.apenergy.2016.07.080
https://doi.org/10.1016/j.apenergy.2016.11.093
https://doi.org/10.1016/j.rser.2019.04.001
https://doi.org/10.1016/j.ejor.2004.06.004


[34] Y. Cui, J. Zhu, S. Zoras, and J. Zhang, "Comprehensive review of the recent advances in PV/T system 

with loop-pipe configuration and nanofluid," Renewable and Sustainable Energy Reviews, vol. 135, p. 

110254, 2021/01/01/ 2021, doi: https://doi.org/10.1016/j.rser.2020.110254. 

[35] D. Marini, R. Buswell, and C. Hopfe, "Development of a dynamic analytical model for estimating waste 

heat from domestic hot water systems," Energy and Buildings, in press, 2021, doi: 

https://doi.org/10.1016/j.enbuild.2021.111119. 

[36] M. Ali, J. Jokisalo, K. Sirén, and M. Lehtonen, "Combining the demand response of direct electric space 

heating and partial thermal storage using LP optimization," Electric Power Systems Research, vol. 107, 

pp. 268, 2014. https://doi.org/10.1016/j.epsr.2013.08.017. 

[37] M. A. A. Pedrasa, T. D. Spooner, and I. F. MacGill, "Coordinated scheduling of residential distributed 

energy resources to optimize smart home energy services," IEEE Transactions on Smart Grid, vol. 1, no. 

2, pp. 134-143, 2010. http://doi.org/10.1109/TSG.2010.2053053. 

[38] Z. Chen, L. Wu, and Y. Fu, "Real-time price-based demand response management for residential 

appliances via stochastic optimization and robust optimization," IEEE Transactions on Smart Grid, vol. 

3, no. 4, pp. 1822-1831, 2012. http://doi.org/10.1109/TSG.2012.2212729. 

[39] V. Davatgaran, M. Saniei, and S. S. Mortazavi, "Smart distribution system management considering 

electrical and thermal demand response of energy hubs," Energy, vol. 169, pp. 38-49, 2019. 

https://doi.org/10.1016/j.energy.2018.12.005. 

[40] D. Greenwood. "Future Lithium Ion Batteries" https://www.brighton.ac.uk/_pdf/research/cae/future-li-

ion-batteries.pdf (accessed 20 December, 2016). 

[41] A. Hoke, A. Brissette, D. Maksimović, A. Pratt, and K. Smith, "Electric vehicle charge optimization 

including effects of lithium-ion battery degradation," in 2011 IEEE Vehicle Power and Propulsion 

Conference, 6-9 September 2011, pp. 1-8. https://doi.org/10.1109/VPPC.2011.6043046. 

[42] F. Martel, S. Kelouwani, Y. Dubé, and K. Agbossou, "Optimal economy-based battery degradation 

management dynamics for fuel-cell plug-in hybrid electric vehicles," Journal of Power Sources, vol. 

274, pp. 367-381, 2015. https://doi.org/10.1016/j.jpowsour.2014.10.011. 

[43] R. Sirohi, A. Singh, A. Tarafdar, and N. C. Shahi, "Application of genetic algorithm in modelling and 

optimization of cellulase production," Bioresource Technology, vol. 270, pp. 751-754, 2018. 

https://doi.org/10.1016/j.biortech.2018.09.105. 

[44] F. Prado, M. C. Minutolo, and W. Kristjanpoller, "Forecasting based on an ensemble autoregressive 

moving average - adaptive neuro - fuzzy inference system – neural network - Genetic Algorithm 

Framework," Energy, vol. 197, p. 117159, 2020. https://doi.org/10.1016/j.energy.2020.117159. 

[45] J. Xue, R. Ahmadian, and O. Jones, "Genetic algorithm in tidal range schemes’ optimisation," Energy, 

vol. 200, p. 117496, 2020. https://doi.org/10.1016/j.energy.2020.117496. 

[46] O. E. I. U.S. "Building characteristics for residential hourly load data." https://openei.org/doe-

opendata/dataset/commercial-and-residential-hourly-load-profiles-for-all-tmy3-locations-in-the-united-

states (accessed 2 July, 2013). 

[47] T. a. D. USA. "Past Weather in Mississippi state, USA." 

https://www.timeanddate.com/weather/usa/miami/historic (accessed 15 November, 2019). 

[48] UK Power. "Average electricity and gas price per kWh in 2019." 

https://www.ukpower.co.uk/home_energy/tariffs-per-unit-kwh (accessed 12 September, 2019). 

[49] H. Qi, "Optimal Operation and Sizing of A Combined Heat and Power Integrated with Demand Side 

Response in A Smart Energy Hub," Ph.D. dissertation, Department of Electronic and Electrical 

Engineering, University of Strathclyde, Glasgow, UK. 2020. 

https://pureportal.strath.ac.uk/en/studentTheses/optimal-operation-an-sizing-of-a-combined-heat-and-

power-system-i. 

 

https://doi.org/10.1016/j.rser.2020.110254
https://doi.org/10.1016/j.enbuild.2021.111119
https://doi.org/10.1016/j.epsr.2013.08.017
https://doi.org/10.1109/TSG.2010.2053053
https://doi.org/10.1109/TSG.2012.2212729
https://doi.org/10.1016/j.energy.2018.12.005
https://www.brighton.ac.uk/_pdf/research/cae/future-li-ion-batteries.pdf
https://www.brighton.ac.uk/_pdf/research/cae/future-li-ion-batteries.pdf
https://doi.org/10.1109/VPPC.2011.6043046.
https://doi.org/10.1016/j.jpowsour.2014.10.011
https://doi.org/10.1016/j.biortech.2018.09.105
https://doi.org/10.1016/j.energy.2020.117159
https://doi.org/10.1016/j.energy.2020.117496
https://openei.org/doe-opendata/dataset/commercial-and-residential-hourly-load-profiles-for-all-tmy3-locations-in-the-united-states
https://openei.org/doe-opendata/dataset/commercial-and-residential-hourly-load-profiles-for-all-tmy3-locations-in-the-united-states
https://openei.org/doe-opendata/dataset/commercial-and-residential-hourly-load-profiles-for-all-tmy3-locations-in-the-united-states
https://www.timeanddate.com/weather/usa/miami/historic
https://www.ukpower.co.uk/home_energy/tariffs-per-unit-kwh
https://pureportal.strath.ac.uk/en/studentTheses/optimal-operation-an-sizing-of-a-combined-heat-and-power-system-i
https://pureportal.strath.ac.uk/en/studentTheses/optimal-operation-an-sizing-of-a-combined-heat-and-power-system-i

