
1 

 

Submission Template for IET Research Journal Papers 
 

A Bi-Level Equivalent Model of Scheduling an Energy Hub to Provide 
Operating Reserve for Power systems 
 

Shuiquan Ye 1, Wenjun Ruan2, Sheng Wang 3*, Chong Zhang1, Yi Ding 3 

 
1 Hangzhou State Power Energy and Environment Research Institute Co., LTD., Hangzhou, China 
2 Marketing Department, State Grid Jiangsu Electric Power Co., LTD., Nanjing, China 
3 College of Electrical Engineering, Zhejiang University, Hangzhou, China 
*wangsheng_zju@zju.edu.cn 

 

 

Abstract:  
The integration of multiple energy carriers, such as electricity, heat, and gas, allows users to schedule their energy 
consumptions coordinately. The development of information and communication technologies also makes it possible to 
reduce the electricity consumption instantly, and provide operating reserves to assist the reliable operation of the whole 
power system. This paper proposes a bi-level equivalent model for users to evaluate the capability and cost of providing 
operating reserves, in terms of scheduling their multiple energy consumptions under the framework of Energy Hub (EH). 
First, a typical distribution scale EH is modelled, consisting of various devices, such as the combined heat and power plant 
(CHP), electric heat pump, etc. A unified energy conversion matrix is formed to characterise the exact EH structure in this 
paper. Based on this, a bi-level equivalent model for economically providing operating reserves is formulated. The first level 
strategy concerns using energy substitution, such as ramping up CHP instead of the electric boiler to reduce electricity 
consumption. In the second level strategy, the feasible options extend to optimal load curtailment, the cost of which is 
formulated using customer damage functions. Finally, a test case is utilized to validate the proposed equivalent model.  
 

1. Introduction 

With the rising concerns for sustainable and low-

carbon development around the world, the coordinate 

operation of different energies, such as electricity, gas, and 

heat, has become one of the most appealing ways to promote 

the efficient energy utilization [1]. In the meantime, owing 

to the electricity and gas distribution networks, the 

information and communication technologies, and the 

development of energy conversion technologies such as 

combined heat and power plant (CHP), the integrated 

operation of multiple energies also becomes feasible. In 

north Europe such as Denmark, the electricity generation 

from local CHP has raised by 13% from 2015 to 2016, 

where the natural gas takes 25.84% of the fuel consumption 

[2]. The concept of Energy Hub (EH) was therefore 

proposed [3].  

The idea of EH not only integrates multiple energies, 

but also, enable the required energies by users to be 

provided through diverse alternative paths [4]. The EH is 

thus capable to schedule its energy consumptions to provide 

operating reserves (OR) for the power system. OR is a vital 

concept in power systems that assists the power system to 

maintain the balance between energy supply and demand 

during the operation horizon, in case of unexpected 

generator failures or load volatilities. OR can be provided 

through traditional demand response, which is realised by 

schedule electricity consumptions. The previous studies 

have addressed the equivalent OR modelling of electric 

vehicles [5-7], air conditions (AC) [8-10], or unified flexible 

resources [11], etc. The capacity, ramp rate, and other 

characteristics of OR provided by ACs are quantitatively 

analysed in [8], and a sequential-dispatch strategy is 

proposed in [12] to reduce the lead-lag rebound effect.  

No matter how delicate the approaches are in these 

researches, the OR is provided at the sacrifice of users’ 

comfort. However, it can be overcome if we address the 

scheduling of energy consumptions from the EH’s point of 

view. It is also natural because the electricity loads, such as 

ACs, is also associated with the heating/cooling 

requirements of users. For example, regarding the space 

heating provided by the electric heat pump (EHP), when an 

OR is required, it can be replaced with ramping up the heat 

production from CHP. By this means, the need for 

electricity is transferred into the need for gas (or other fuel 

consumed by the CHP), which is defined as energy 

substitution in this paper. 

Apart from the energy substitution, the available 

options for an EH to be scheduled to provide OR also 

include the traditional load curtailment, which is not cost-

efficient though. Some of the issues in the scheduling of 

EHs have been studied. The modelling of demand response 

in an EH was introduced in [13-15]. A comprehensive 

model was proposed for self-scheduling an energy hub to 

supply cooling, heating and electrical demands of a building 

in [16], and its adequacy was evaluated in [17]. However, 

they focus on the reliable or economical operation of 

themselves under the demand response framework, while 

the ability to assist the whole energy system operation is not 

studied.  

On the other hand, the provision for EH to provide 

OR is promising. The multi-energy micro-grid, which can 

also be regarded as an EH, is used to provide reserve and 

reliability services in [18]. However, it focuses on the 
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economic analysis and business case demonstration, while 

the technical details are not elaborated. 

On the above premises, this paper proposes a bi-level 

equivalent model for users to evaluate the OR capability of 

EH, in terms of scheduling their multiple energy 

consumptions. First, a typical distribution scale EH is 

modelled with various devices, such as CHP, absorption 

chiller (AB), EHP, gas boiler (GB), and electricity boiler 

(EB). A unified energy conversion matrix is formed to 

characterise the exact EH structure in this paper. Based on 

this, a bi-level equivalent model for economically providing 

OR is formulated. In the first level, the energy substitution 

only is implemented, while in the second level context, the 

feasible options extend to optimal load curtailment, the cost 

of which is formulated using customer damage functions 

(CDF). Finally, the numerical case studies are performed to 

verify the proposed equivalent model. 

2. Energy hub model in the normal operating 
condition 

Among the diverse configurations of EH, the 

structure of a typical distribution level EH studied in this 

paper is presented in Fig.1. The EH is fed by distributional 

gas and electricity network, to provide electricity, heating 

and cooling loads. Each device in the EH is abstracted as a 

node. The interconnections among devices in the EH is 

shown in Table 1. It should be noted that the EHP is able to 

operate in either heating or cooling mode.  

 
Fig. 1. Structure of the proposed energy hub 

Table 1 Interconnections of components in the studied 

energy hub 

 CHP GB EB EHP 

Input Gas Gas Electricity Electricity 

Output Electricity, 

heat 

Heat Heat Heat or 

cooling 

 AB EES TES  

Input Heat Electricity Heat  

Output Cooling Electricity  Heat   

The normal operating conditions of components in 

the EH are determined in the day-ahead, based on the most 

economical way to satisfy the forecasted loads. The specific 

operating constraints that determine the energy conversion 

relationships for devices are: 
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Where 
iEI , 

iGI , 
iEO , 

iHO , and 
iCO  denote the 

electricity and gas inputs, and electricity, heating and 

cooling outputs of the device at node i , respectively. 

, , , , ,a b c d e f  are the coefficients of CHP fuel function [19]. 

i  is the energy conversion efficiency of device at node i . 

  is the operation mode indicator of EHP, where 1   

represents the heating mode, and 0   represents the 

cooling mode. 
iCOP  represents the coefficient of 

performance for the component in node i , and h

iCOP , 

c

iCOP  represent the coefficients of performance in heating 

and cooling mode of EHP, respectively. 

For a given devices or the gas/electricity injection 

from the distribution systems, the energy distribution among 

the downstream devices is described by a set of distribution 

factors , , , , , ,[ , , , , , , ],g i e i ee i j i e i h i c i         , where ,g i  

and ,e i  represent the distribution factors from gas and 

electricity distribution system to node i , ,e e  represents the 

distribution factor from electricity distribution system to the 

electricity load, ,i j  represents the distribution factor from 

node i  to node j , and ,i e , ,i h  and ,i c  represent the 

distribution factors from node i  to electricity, thermal and 

cooling loads, respectively. For example, 1 ,1gGI GI . The 

distribution factors should meet the following constraints 
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Therefore, the relationship between the electricity 

and gas inputs, EI  and GI , and the electricity, heating and 

cooling outputs EO , HO  and CO  can be abstracted into 

an energy conversion function H . It is worth noting that the 

inherent non-linearity of CHP has been reserved and yet the 

energy conversion of EH cannot be expressed in a matrix 

form.  

     T T
EO HO CO H EI GI   (8) 

The detailed elements in function H  can be derived 

from (1) - (5).  

3. Bi-level equivalent model of scheduling the EH 
to provide ORs  

During the real-time operation, the power system 

may suffer from a contingency state for various reasons, 

such as random failures of generators, the volatilities of 

wind powers or the errors of load forecasts. To settle the 

unbalance of the system and maintain the reliable operation, 

a bi-level equivalent model of scheduling the EH is 

proposed to provide ORs.  
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Fig. 2. Bi-level equivalent model of scheduling EH to 

provide ORs  

3.1. First level: energy substitution 
Within the energy substitution context, the key point 

is to schedule the energy hub, such as replacing part of the 

heat production from EB by ramping up the operating point 

of CHP, and the user’s energy demand will not be changed. 

That is, the service requirement from energies will not be 

interrupted, and no inconvenience will be suffered. This 

distinguishes from traditional ORs, such as those from 

adjusting the setting temperatures of ACs, which will 

directly affect the comfort level of users. 

In the proposed EH model, the operating conditions 

are determined by the input energies GI  and EI , the set of 

distribution factors  , and the operating mode of EHP  , 

once the loads EO , HO , and CO  are given and remain 

unchanged during the scheduling according to the OR  

required by the system. The scheduling of EH will be 

conducted to satisfy the OR requirement while minimising 

the operating cost 
1OC . The optimal schedule of EH within 

the first level is formulated as: 

Problem 1: 

 1 0
, ,
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GI
OC EI OR GI
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Where (11) - (14) represent the convex feasible operating 

region of the CHP [20]. ( , )A AH E , ( , )B BH E , ( , )C CH E , 

( , )D DH E  are the four extreme points forming the feasible 

operating region of the CHP. iHO , 
iCO is the capacities of 

heating and cooling for the device at node i , respectively 
The potential capacity of providing OR (ORP) is 

time-independent, which means the scheduling of EH in this 

moment will not affect the ORP in the future. The ramping 

of the devices in this small scale EH can be completed 

almost instantly (in the time scale of a few seconds or 

minutes), therefore the ramp rate is not discussed in this 

paper. The ORP at the first level 
1ORP  is limited by the 

capacities of devices in the EH. It can be calculated by 

solving  

Problem 2: 

 1
, , ,

Maximise  
GI OR

ORP OR


   (17) 

Subject to: (6),(7), (10) – (16) 

3.2. Second level: load curtailment 
If the EH is intended to furtherly provide OR beyond 

1ORP , the load curtailment would be required in the second 

level strategy. During the load curtailment, the on-going 

activities of users will be interrupted, and thus cause a 

certain level of inconvenience. This kind of inconvenience 

could incur possible economic losses. The interruption cost 

depends on the customer sector, such as industrial, 

commercial, or residential customers, and the interruption 

duration. It can be quantified the CDFs. However, there lack 

CDF formulations on other energies, such as gas and heat. 

Considering electricity can cover most of the services, the 

CDF for electricity can provide a baseline to reconstruct the 

CDFs for other energies [21].  
 ( ) ( ) / , { , , }l e l eCDF DT CDF DT l e h c     (18) 

Where lCDF  represent the CDF for energy l . DT  is the 

duration time of the interruption. l  and e  are the average 

efficiencies for energy l  and electricity to satisfy the users’ 

needs, respectively. 

The load curtailment is not commonly utilized as a 

measure to provide OR for its relatively high cost. However, 

it is still a feasible option if the shortage of electricity supply 

is enormous. Therefore, the optimal schedule of EH in the 

second level can be formulated as 

Problem 3: 
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Subject to: (6), (7), (11) – (16), (20), (21) 
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Where the e

kCL , h

kCL , c

kCL  denote the curtailed electricity, 

heating and cooling loads, and e , h , c  denote the 

proportion of curtailable electricity, heating and cooling 

load, respectively. 

Similarly, we can obtain the 2ORP  by solving  

Problem 4: 
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Subject to (6), (7), (11) – (16), (20), (21). 

4. Procedures for evaluating the capacities and 
costs of ORs 

Based on the equivalent model proposed in Section 3, 

the OR capacities and costs of EH with different levels of 

strategies can be evaluated. Its procedure is presented in Fig. 

3. The problem 1 – problem 4 are all mixed integer 

programming problem (MIP), thus they are solved using 

Branch&Bound method in this paper. In each branch, the 

sub-problems with continuous decision variables are solved 

using interior point method (IPM). The steps for analysing 

the OR capacities and costs can be summarised as follows: 

(a) Initialise the corresponding data and parameters, 

including the capacities and operating parameters of 

the devices in the EH, the electricity, heating and 

cooling load profiles, and the electricity and gas prices. 

(b) Formulate the energy conversion function H  

according to the (1) - (5). 

(c) Evaluate the ORPs from two levels 
1ORP  and 

2ORP , 

by solving Problem 2, and Problem 4, respectively. 

(d) Continuously increase the OR by OR . If 

10 OR ORP  , solve Problem 1 and obtain the cost 

of providing OR with the first level strategy. 

(e) If 
1 2ORP OR ORP  , calculate the CDFs for 

different energies according to (18). Then, solve 

Problem 3 to calculate the cost of providing OR with 

the second level strategy. 

 
Fig. 3. flowchart of analysing the OR capacities and costs  

5. Case studies 

A test EH is presented in this section to validate the 

proposed bi-level equivalent model of EH to provide OR. 

The structure of the test EH is the same as in Fig.1, and the 

capacities of the devices, as well as the detailed parameters, 

are presented in Table. 2 and Table. 3, respectively. The 

hypothetical electricity, thermal and cooling loads for the 

test EH in a selected winter day are presented in Fig. 4 [16]. 

The electricity price is set based on the time of use (TOU) 

mechanism according to [16], and the gas price is 48 

mu/kWh (mu stands for monetary units). The CDF for 

commercial users is used in this paper, which can be 

acquired from [22]. 

Table 2 Capacities of the devices in the test EH (kW) [23, 

24] 

AH  
AE  

BH  
BE  

CH  
CE  

DH  

0 250 110 210 90 50 0 

DE  
2HO  2HO  

3HO  3HO  
4HO  4HO  

100 250 20 250 20 450 20 

4CO  4CO  
5CO  5CO     

450 20 300 0    

 

Table 3 Detailed parameters of the devices in the test EH 

(dimensionless) [16] 
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Fig. 4. Daily load profile in a selected winter day 

In order to set the baseline for implementing the 

scheduling of EH, the normal operating conditions of the 

devices in the EH is calculated, where OR is not required. 

The results are illustrated in Fig.5 and Fig. 6. As Fig. 5 

indicates, the purchasing of gas is quite steady during the 

operation, while the electricity consumption is constantly 

adjusted to follow the load volatilities. Consequently, the 

operating cost changes with the quantity of electricity 

consumption.  
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Fig.5. the electricity and gas inputs, and the operating cost 

of EH 

Fig. 6 further depicts the distribution of input 

energies and demonstrates the operating conditions of the 

representative devices in the EH. The GB remains its 

minimum operating capacity of 20 kW, and the cooling 

output of EHP equals zero during the whole simulation. It 

can be observed that the heating load is mainly satisfied by 

EHP due to its high cost-efficiency, until the peak hours 

during 8:00 – 16:00, where the EHP reaches its maximum 

capacity. During that period, the CHP ramp up its heat 

production by reducing its electricity production to 

supplement the shortage of heating load, as well as the EB. 

During other heating load valleys, the CHP is at its 

minimum operating region, and its electricity and heat 

productions are 80.07 and 35.88 kW, respectively. As for 
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the electricity load, it is mainly supplied by the electricity 

distribution system directly. The heat productions of CHP, 

GB, and EB are in part injected into AB to provide for the 

cooling load.  

0 5 10 15 20 25
0

100

200

300

400

500

O
u
tp

u
ts

 o
f 

d
ev

ic
es

 (
k
W

)

Time (hour)

 CHP electricity output

 CHP heating output

 EB heating output

 EHP heating output

 AB cooling output

 
Fig. 6. Operating conditions of the representative devices in 

the EH 

Based on the normal operating conditions, the 

evaluation results of 
1ORP  and 

2ORP  for all the simulation 

time are presented in Fig. 7. The gas input of the EH is 

manually limited to 1.5 times its normal gas consumption to 

avoid severe impacts on the gas system. As it indicates, the 

average 
1ORP  is 53.42 kW. During most of the off-peak 

time of the heating load, the 
1ORP  is around 50 kW. 

Influenced by the first level strategy, the mean gas 

consumption for the EH raises by 49.60%, and the 

maximum growth rate during the operation is 50.00%, 

which is the constraints for the gas consumption manually 

set. By introducing the second level strategy, the average 

2ORP  is 88.92 kW, increased by 66.45%. Its profile appears 

the same peak and valley patterns with the 
1ORP . Its 

maximum value of 174.70 kW appears at 13:00. The gas 

consumption profile does not differ much from that in 

providing 
1ORP .  
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Fig. 7. Bi-level ORPs and their effects on the gas input 

Fig. 8 compares the operating costs of OR=0, 1ORP  

and 2ORP . The mean operating costs for these three 

scenarios are 41.61 10 , 41.73 10 and 52.45 10 mu, 

respectively. It is obvious that the operating cost involved 

with only first level strategy does not increase much from 

that in the normal operating condition. However, the further 

increase of OR from 
1ORP  to 

2ORP  results in the dramatic 

increase of the operating cost. 
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Fig. 8. Operating costs with different ORPs 

To explicitly explore the impacts of OR requirement 

on the operations of the devices in the EH, the operating 

conditions considering specific OR requirements in a typical 

time point, t=12h for example, are compared in Table 4. The 

electricity, heating and cooling loads are 152.1, 520.6, and 

62.5 kW, and the 
1ORP  and 

2ORP  are 65.63 and 119.46 

kW at that time point, respectively. The ORs being 

compared are 0, 40kW and 100kW, respectively.  

Table 4 Operation condition of EH with different ORs 

OR (kW) 0.00  40.00  100.00 

GI  (kW) 135.64  171.43  203.46  

1EO  (kW) 50.00  50.00  91.55  

1HO  (kW) 90.00  90.00  95.19  

2HO  (kW) 20.00  54.00  26.05  

3HO  (kW) 56.75  22.75  20.00  

4HO  (kW) 450.00  450.00  450.00  

5CO  (kW) 62.50  62.50  56.25  

Operating cost ($) 19265 19383  189996 

When 
1OR  = 40 kW, 

1 10 OR ORP  , only the first 

level strategy is involved. The operating conditions of CHP, 

EHP and AB are not changed. The electricity reduction is 

realised by substituting the heating production by EB with 

the GB. By this means, the gas consumption increases, 

along with the operating cost. When 
2OR  = 100 kW, 

1 2 2ORP OR ORP  , the second level strategy is furtherly 

involved. In this stage, the gas consumption furtherly 

increases to its maximum value. The CHP electricity 

production increases dramatically, although it is not 

regarded to be cost-efficient when the electricity input is 

sufficient. The heating productions for GB and EB also drop. 

It can be observed that with the reduction of electricity input 

for all most all the devices, some of the electricity, heating, 

and cooling loads are not able to be maintained. They have 

been curtailed for 15.21, 15.90, and 6.25 kW, respectively, 

which accounts for the dramatic increase in the operating 

cost. 

In order to quantitatively associate the OR capacities 

with the operating costs, the corresponding sensitivity 

analysis is conducted in Fig. 9. As it indicates, there is a 

clear boundary for operating cost as the OR increases. 

Before 
1ORP , the cost increases due to the gas and 

electricity purchasing cost. Between the 1ORP  and 2ORP , 

the cost increases rapidly due to the interruption costs for 

load curtailments. If we take a closer look at the segment 
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before 
1ORP , the cost increases in an almost piecewise 

linear way. In the first piece, the specific strategy for the EH 

is to replace the heating device EB with GB. After EB 

reaches its minimum operating capacity 20 kW, the EH 

tends to lift the operating point of CHP, causing the 

marginal price for providing OR to further increase. 
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Fig. 9. Operational cost with the increasing OR 

6. Conclusion 

This paper proposes a bi-level equivalent model for 

users to evaluate the capability of providing OR, in terms of 

scheduling their multiple energy consumptions in the 

studied EH. The bi-level structure offers a more flexible 

way for EH to provide OR. The numerical case studies have 

demonstrated the effectiveness of the proposed equivalent 

model. The EH does present a great potential for providing 

OR. In the first level, the OR is realised mostly by replacing 

the heat production from EB with GB, which results in the 

mild increase of the operational cost. However, if the OR 

requirement is beyond the ORP of the first level strategy, the 

exceeded OR have to be provided by jointly ramping up the 

heat production of CHP, and curtail part of the loads. The 

latter action will result in a significant increase in operating 

cost. With the worldwide practice of integrating the demand 

side resources to participate in the operation of the whole 

energy system, the equivalent modelling in this paper can 

provide a new perspective of using the EH as an OR 

provider, and the quantitative analysis may also be useful in 

the OR pricing and market design. 
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