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Abstract. In Thailand, natural gas has been the primary source of fuel for power generation 
for the past few decades due to availability of indigenous resources. With continuous load 
growth and near depletion of domestic natural gas supply, renewable energy will play an 
increasing role in power industry in a close future. To achieve that, energy storage would 
become the key enabler. Therefore, this paper proposes a co-optimization steady-state 
model of a -coupled system of gas supply network and electric power system with integration 
of an energy storage device namely power-to-gas. The IEEE-14 bus power system coupled 
with the 20-node and 24 pipeline natural gas system is used to verify effectiveness of the 
proposed method through computer simulation. The results show the capability in 
maintaining the system variables within the statutory security limits and reducing power 
losses. Moreover, the proposed method has another feature that can optimally curtail loads 
of the two systems when experiencing stressful conditions. 
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1. Introduction 
 
Electricity production from large-scale fossil-fired power plants have been the cost-effective solution to 
electrify consumers. This trend has significantly been affected by the declined cost of distributed generation 
technologies. Therefore, we can observe an increasing number of renewable energy (RE) source connections 
to the power grid. In Thailand, the latest power development plan (PDP) 2015-2036 indicates the plan to 
increase share of RE in power generation which reducing the reliance of natural gas-fired power generation 
from 64% of the total installed capacity now to 30-40 % [1]. This plan was proposed to cope with the 
projection that the national gas reserve capacity will be depleted in a very near future.  

It was well known that energy produced from RE is intermittent due to weather conditions. With varying 
demand, residual energy is fluctuating in positive and negative directions. This fact gives both opportunities 
and threats to the power system. If this residual is not well managed, it would cause technical issues to the 
system operation such as overvoltage, increase losses or misoperation of protective devices, etc. The 
advantage of excess energy is that it can be stored for future uses. Hence, energy storage is the key enabler 
to achieve high penetration of RE. Power-to-gas (P2G) is the technology that uses excess electricity to 
produce hydrogen (H2) in the electrolysis process [2]. The produced H2 converted to methane and thereby 
produce synthetic natural gas (SNG) which can thereby either used or stored in the gas network. Alternatively, 
it can be used to support mobility applications as well. Moreover the P2G conversion process can generate 
heat either from the fuel cell or from the methane conversion process [3]. The selection of energy storage 
depends on economic costs and technical implications. The impact of three types of energy storage namely 
P2Gm pumped hydro storage and compressed air energy storage on a power system with different 
penetration level of wind energy were investigated in [4]. In France, there was a proposal to apply 20 GW 
P2G facility to convert the surplus power during off-peak period to hydrogen such that the nuclear power 
plants need not to be shut down [6]. However practical implementation of P2G is still limited mainly in 
Germany [7] and other European countries [8]-[9].   

Several previous works dealing with analysis the coupled gas and electricity network. Some representative 
works in [10]-[14] are discussed here. A detailed nonlinear model of gas and power systems was proposed in 
[10] to find a steady state operating point of the coupled system. However, optimal solution was not 
investigated in this work. The impact of natural gas infrastructure such as pipeline outage on cost and 
operation of electric power system was presented in [11] in which a security constrained unit commitment 
was developed. The so-called integrated energy system (IES) model was developed in [12] to study economic 
efficiency of multiple energy sources including coal and natural gas supply to the electrical load by solving a 
linear programming problem. The so-called co-optimization planning process that optimizes two or more 
related energy resources was proposed in [13]. A dynamic model describing interaction between the natural 
gas supply network fueling micro-turbines was developed in [14] and a simulation technique for two 
subsystems with different time scales was also proposed.  

With integration of P2G, a steady state model of the coupled gas supply and power system was presented 
in [15]. Variation of wind power and load was applied to study the impact of P2G in mitigating the impact 
on both subsystems. A proposal of storing renewables in the gas network to support seasonal load variation 
in UK was presented in [16] the simulation of which relies on the framework presented in [17] by the same 
authors. A day-ahead scheduling of P2G and gas load forecasting were proposed in [18]. The synthesis gas is 
optimally used in normal operation under the competitive environment. Uncertainty of wind power is 
incorporated in an optimization model using interval probability theory in [19].  

Based on the above literature review, the optimization problem of most of the previous works is linear 
model using DC power flow in determining state of the power system. It is well known that linear 
optimization problems can be easily solved within relatively fast computing time. However, some engineering 
issues such as reactive power are omitted due to linear approximation. This paper attempts to fill this gas by 
presenting a co-optimization nonlinear model allowing detailed analysis of the coupled electric power and 
gas supply systems. Moreover the computing effort for solving the proposed model should be acceptable. 
The rest of this paper is organized as follows. The model of integrated system is described in section 2. The 
co-optimization problem is formulated where all constraints and variables are listed in section 3. The test 
system is given in section 4. Simulation results are explained in section 5. Finally the paper is concluded and 
future research outlook is discussed.  
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2. Modeling the Integrated Energy System 
 
The integrated energy system consists of two sub systems namely gas supply network and electric power 
system. The model of each component in the gas sub system is explained in section 2.1 whereby the set of 
gas network equations are discussed in section 2.2. The power system model consisting of power flow 
equations and other operational limits are given in section 2.3.  
 
2.1. Natural Gas Network Component 
 
2.1.1. Gas well  
 
Natural gas is injected to the gas network from gas wells. The gas injection available at gas well i each time t 

period 
,si tg  is restricted by  

 
 

,min , ,maxsi si t sig g g   i  GWS  (1) 

 

where 
,minsig  and 

,maxsig   are the minimum and maximum supply of gas well i and GWS  is the set of all gas 

wells. 
 
2.1.2. Gas pipeline 
 
Gas flows through two types of pipelines namely passive and active pipelines. The pressure difference 
between any two nodes drives the flow in passive branches while external power is used to direct the gas flow 
in active branches. The gas flows from node i to node j for passive branches is expressed by  
 

 2 2

ij ij ij i jf S C p p  , ( , )i j  PB  (2) 

 

where ip  and 
jp  are the gas pressure at nodes i and j respectively; 

ijC is the constant describing physical 

characteristics of each pipeline; BP is the set of containing the two end points of all passive pipelines; ijS is 

the sign function to indicate the flow direction given by  
 

 1 ;

1 otherwise

i j

ij

p p
S


 


 (3) 

 
For an active pipeline, the gas can flow from a lower-pressure node i to a higher-pressure node j due to 

operation of the compressor k according to  
 

 2 2

,k ij ij ij i jf S C p p  , ( , )i j  AB  (4) 

 

where AB  is the set of containing the two end points of all active pipelines.  

 
2.1.3. Compressor 
 
Gas compressor stations are installed to compensate the gas flow loss during the transportation due to 
frictional resistance. An empirical study under ideal gas assumption shows that the horsepower consumption 
required by the compressor k installed between the suction node i and the discharge node j can be calculated 
by [20]. 
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 ; k  is the compressor efficiency;  is specific heat ratio; kiT  is the 

compressor suction temperature; fk  is the flow rate through the compressor and kiZ  is the gas 

compressibility factor at the compressor inlet.  
The amount of gas tapped from the network for driving the compressor station k is computed by  

 
 2

, ,k k k k ij k k ijH H       (6) 

 

where k , k  and k  are the coefficient of the quadratic approximation. The compression ratio at the 

compressor k is defined by the ratio of the discharge node to the suction node as  
 

 
j

k

i

p
R

p
  (7) 

 
It is restricted by the following constraint  

 
 

,min ,maxk k kR R R   (8) 

 
where Rk,min  and Rk,max  are minimum and maximum allowable compression ratio of the compressor k 

 
2.1.4. Gas storage  
 
Gas storage is the facility used to coordinate the gas flow in multi-period operation. The gas flow (in/out) 

the storage at time t denoted by ,f tg  is constrained by 

 
 

, , , ,min( , )lev t f t ava t cap lev tg g g g g     t T   (9) 

 

where 
,lev tg  is the gas level in the storage at time t; 

,ava tg  is the available amount of gas produced by P2G 

and can be stored at time t; capg  is capacity of the gas storage and T is the set of all time steps. The negative 

sign of ,f tg  indicates the outflow from the storage to the network whereas the positive sign shows the gas 

flowing into the storage. It is noted that the maximum gas outflow is the gas level in the storage tank at that 
time step whereby the maximum gas inflow is limited by the remaining capacity of the storage tank at that 
time step. 
 
2.1.5. Gas load  
 
In the gas network, loads are categorized in two groups namely; gas loads such as residential and industrial 
consumers and electric generators. For gas-fired generators, heat rate (HR) is defined by the ratio of thermal 

energy consumed to electrical energy produced in MJ/MWh. Efficiency of generator G  is a unitless ratio of 

electrical energy output to the thermal energy input. Therefore the efficiency can be written as [15] 
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 3600
G

HR
   (10) 

 
Low heating value (LHV) of natural gas is defined by the thermal energy provided by a given unit of 

natural gas. Typically LHV is in the range between 35.4-39.12 MJ/m3. This value varies depending on the 

quality of gas. Therefore the amount of gas required by generator G to produce electrical power 
gP  is 

expressed by  
 

 
3600g

G g

g

HR P
g P

LHV LHV

 
    

 
 (11) 

 
The average value of LHV of 37.26 MJ/m3 is used in this paper.  
 
2.1.6. Power-to-gas conversion 
 
The electrical power from renewable sources in excess from the demand can be used to produce hydrogen 
by the electrolysis process described by 
 

 
2 2 22 2H O H O   (12) 

 
Then the hydrogen is used to produce methane in the so-called methanization process according to  
 

 
2 2 4 24 2CO H CH H O    (13) 

 

In this paper, efficiency of P2G conversion 2P G  is defined by the ratio between energy density of the 

produced gas and the electrical power consumed by the P2G given by [15] 
 

 
2

2

2

3600
P G

P G

P G

g LHV

P
   (14) 

 

where 2P Gg  is the gas to be produced by P2G conversion and 2P GP  is the electrical power required for the 

P2G conversion. 
 
2.2. Gas Network Model 
 
For a given set of demand and supply rates and operation of compressors, the gas flow is governed by 
conservation of mass balance at each node which can be written as [20] 
 

( , ) (1 )
( ) 0

i j gl L

c G

p p x   
     

   

f g
A + U Cτ

f g
 

(15) 

 

where A  is the signed matrix representing network interconnection whose elements correspond to node i 

and node j; the U  matrix representing connection of compressors to nodes; ( , )i jp pf  is the vector of gas 

flows through passive pipelines; cf  is the vector of gas flow through compressors (active pipelines); Lg and 

Gg  are the vectors of gas load consumption and gas required by power generating units, respectively; glx  is 
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the ratio of the gas load to be curtailed; C is the matrix representing the nodes from which the gas for 
compressor is tapped; τ is the vector of amount of gas required for all compressors. 
 
2.3. Electric Power System Model 
 
The set of nonlinear active and reactive power flow equations are used in this paper. We have introduced 
extra variables indicating curtailment factors of renewable power infeed and power demand to ensure 
feasibility of the solution. 
 
2.3.1. Power mismatch  
 
Power mismatch at each bus is defined by the difference between the total power generation from both 
thermal and renewable sources and the sum of power demand and the total power flowing out of that bus. 
In this paper, active power mismatch at bus i is described by:  
 

 

1

(1 )

     cos( ) 0

i Gi w Wi s Si pl Di

n

i j ij i j ij

i

P P x P x P x P

VV Y   


     

   
 (16) 

 

where GiP , WiP and SiP  are active power generated from thermal unit, wind and solar farms at bus 

i ,respectively;  
wx and 

sx are the ratio of wind and solar power to be injected to the power system, 

respectively;
plx  is the ratio of electric power load to be curtailed at bus i and DiP  is the active power demand 

at bus i.. The complex element ij of bus admittance matrix is written as 
ij ijY  . The voltage phasor of bus i 

is denoted by i iV  .  

It is assumed in this study that wind and solar farms maintain unity power factor at the point of common 
coupling (PCC) and power factor of the load remains unchanged in case of curtailment. Therefore, reactive 
power mismatch at bus i is described by 
 

 

1

(1 )

     sin( ) 0

i Gi pl Di

n

i j ij i j ij

i

Q Q x Q

VV Y   


   

   
 (17) 

 

where GiQ  is the reactive power generated from thermal unit at bus i and DiQ  is the reactive power demand 

at bus i. 
 
2.3.2. Power generation limits 
 
The active power output of thermal generating units is maintained within their limits 
 
 

, ,min , , ,maxGi t Gi t Gi tP P P  , i  GS t T   (18) 

 

where GS  is the set of thermal generating units and , ,minGi tP  and , ,maxGi tP  are minimum and maximum limits 

of power generated from unit i at time t governed by ramp limits given by  
 
 

, ,min ,min , 1

, ,max ,max , 1

max( , )

min( , )

Gi t Gi Gi t i

Gi t Gi Gi t i

P P P DR

P P P UR





 

 
 (19) 
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where iDR  and iUR  are down-and up- ramp limits of generating unit i. and 
,minGiP and 

,maxGiP are 

minimum and maximum generation capacity of the unit i, respectively.  
As a dependent variable, reactive power output of generating unit i is maintained within 

 
 

,min , ,maxGi Gi t GiQ Q Q  , i  GS t T   (20) 

 

where 
,minGiQ  and 

,maxGiQ  are minimum and maximum limits of reactive power of unit i at time t. 

 
2.3.3. Voltage limits 
 
For all load buses, voltage magnitude is maintained within the allowable limit  
 
 

,min , ,maxi i t iV V V  , i  LBS t T   (21) 

 

where 
,miniV  and 

,maxiV  are minimum and maximum limits of voltage magnitude at bus i and LBS  is the set 

of load buses. It is assumed that load bus voltages can vary within 5% of the nominal value. 
 
2.3.4. Power flow limits 
 
Power flow over each transmission line in the power system is restricted by the maximum capacity given by  
 

 
, , ,L ij L ij capS S  (22) 

 

where ,L ijS  is the apparent power flow over line connected between bus i and bus j and 
, ,L ij capS  is the MVA 

capacity of line connected between bus i and bus j 
 

3. Problem Formulation  
 
A nonlinear co-optimization problem for daily operation of integrated gas supply and electric power system 
with P2G storage is sequentially solved for each time step (i.e. 1 hour as in this paper). The objective is to 
minimize the combined function 
 

 

2

1 1

( ) ( )

      (1 ) (1 ) ( )

GN M

c Gi g sj P G

i j

w s pl gl

f f P f g g

x x k x x

 

    

     

 
 (23) 

 

where GN  is the number of thermal generating units and M is the number of natural gas sources. The 

normalized fuel cost ( )c Gif P  of thermal generating units can be determined from  

 
 

,min

,max ,min

( ) ( )
( )

( ) ( )

c Gi c Gi

c Gi

c Gi c Gi

f P f P
f P

f P f P


 


 (24) 

 
The fuel cost of generating unit i given by  
 

 2( )c Gi i Gi i Gi if P a P b P c    (25) 
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where ia , ib and ic  are coefficients of fuel cost function of unit i. Similarly, the gas supply cost of source j 

expressed by ( )g sif g  is also normalized in [0,1]. The usage of gas produced by P2G is also normalized with 

respect to the storage tank capacity  
 

 
2 ,

2

( )cap P G lev t

P G

cap

g x g
g

g


   (26) 

 

where 2P Gx  represents the percentage of P2G produced gas drawn out from the storage and supplied to the 

gas network. 
The next two terms of (23) intends to maximize utilization of renewable sources by minimizing the 

percentage of wind and solar power curtailments. In some infeasible cases, the additional objective to 
minimize the total electricity and gas load shedding will be introduced (k=1). This is to ensure that a feasible 
solution can always be found.  

In this study, the set of equality constraints consists of the power mismatch equations (16)-(17), the gas 
network model (15), the compressor power consumption (5), the gas consumed by compressor (6) and the 
compression ratio (7). The set of inequality constraints consists of reactive power limit (20) and line power 
flow limit (22).  

The vector of decision variables to be determined can be expressed by  
 

 [   ] p g cx x x x  (27) 

 

where 
px  is the vector of power system variables as  

 
 

1 1 ,1 ,,..., , ,..., , ,...,...,
GN NL G G NV V P P    px  (28) 

 

where N is the number of buses. The vector of gas network variables is  
 

 
1,1 , 1 1 1,..., , ,..., , ,..., , ,..., , ,...,

GW GW N c c cs s N N N N N Ng g p p f f H H  


   gx  (29) 

 

where GWN  is the number of gas wells, NN  is the number of nodes in the gas network and CN  is the 

number of compressors. Finally the vector of variables used to control feasibility of the solution is 
 

 , , ,w s pl glx x x x   cx  (30) 

 
Note that any optimization package can be applied to solve the proposed problem. Moreover, any 

nonlinear equation solver such as Newton Raphson is not need.  
 

4. Test System and Simulation Setting 
 
The effectiveness of the developed method is evaluated on a test system namely IEEE-30 bus power system 
with 15-node natural gas network as shown in Fig. 1. In the power system, two gas-fired generating units are 
located at bus 1 and bus 2. There are electrical loads located at 24 buses throughout the network. Wind farm 
is connected at bus 30 whereby solar PV is connected at bus 22. In the gas network, two gas wells are at node 
1 and 2. Gas loads are located at nodes 3, 13, and 14. Gas-fired generators G1 and G2 receive gas from nodes 
4 and 15 of the gas supply network, respectively. Four compressors are installed on the pipelines to boost up 
gas pressure and use natural gas from the network as the fuel. A gas storage receives SNG produced by P2G 
and discharges to the network at node 13. 
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Fig. 1. The test system. 
 

The daily profile of electricity and gas loads is shown in Fig. 2. The daily profile of wind and solar power 
is shown in Fig. 3. Note that both profiles are given in a normalized multiplicative factor at each hour of the 
day. In this paper, it is assumed that the maximum capacity of electricity load is 200 MW and the maximum 
capacity of gas load is 14.09 Mft3. There are two peaks of electricity load occurring at 12 and 19 hours (with 
the multiplicative factor of 0.9909) whereby the peak of gas load occurs at 20 hour hours (with the 
multiplicative factor of 0.8897) (see Fig. 2). Then, the total peak electricity load is 99.09% of 200 MW which 
is 198.18 MW whereby the total peak gas load is 88.97% of 14.09 Mft3 which is 12.5359 Mft3. The wind and 
solar capacities are 30 and 20 MW, respectively. The wind and solar power at each time step of the day is 
defined as the percentage (ratio as in this paper) of the capacity in a similar manner to the load profiles 
explained earlier.  

 

 
Fig. 2. Daily profile of electricity and gas loads. 
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Fig. 3. Daily profile of wind and solar. 
 

The simulations were carried out in MATLAB M-files and the nonlinear constrained optimization routine 
‘fmincon’ with ‘active-set’ algorithm [21] was used to find the optimal operating point of both subsystems. 
Simulations in this paper were carried out on a computer laptop with Intel core i5-3317 U 1.7 GHz, Windows 
10, 12 GB RAM. The total CPU time used for solving 24 time steps is 108.84 s or 4.53 s for each time step 
on average. 
 

5. Simulation Results  
 
As mentioned earlier, this paper proposes a nonlinear model that co-optimizes operation of electricity and 
gas supply systems with an energy storage facility namely power-to-gas. The simulation studies to be 
presented in this section are aimed at demonstrating improvement of the system performance both in normal 
and abnormal operation due to the proposed method. The results are compared with the case that the 
proposed method was not implemented. Comparison with other control strategies is beyond the scope of 
this paper.  

Figure 4 shows the impact of different RE levels to the amount of SNG to be stored in the gas storage. 
In this simulation, SNG is intended to be used to offset the day- and night peaks of the gas load during 9-13 
and 18-22 hours, respectively. It is logical that the SNG produced at 120% of nominal RE is the highest. 
Therefore the SNG can help reduce both day and night peaks. Moreover, it can be seen that SNG built up 
during 1-6 hours due to high wind power and low load. It is assumed in this simulation that the storage tank 
capacity is 0.2 Mft3. At the 120% RE level, the SNG filled up the capacity during 7-9 hours and later released 
to help offset the gas load. It should be noted that SNG does not increase much during the day time because 
of very limited surplus power. The SNG is released from the storage again during the peak (19-21) hours.  
 

 
Fig. 4. Effect of RE levels on the gas storage. 
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Figure 5 shows the voltage profiles at the wind point of common coupling (PCC) at bus 30. Without 
the proposed optimization, the voltage level increases during this 5-hour period due to excessive power 
injected to the power grid. This paper adopts the grid code of the National Grid Company (NGC) of United 

Kingdom in which the power plant must be able to provide full reactive power support at voltage 5% 
around the nominal value [22]. Therefore, if the proposed method is not used the wind PCC bus voltage 
violates the upper bound of the voltage limit due to excessive wind availability during the night time. With 
the proposed method, this surplus power is fed to P2G to produce SNG as seen from the reduced voltage 
level below the security limit as well.  

 

 
 
Fig. 5. Wind PCC bus voltage. 
 

The voltage profiles at the PCC of solar farm are shown in Fig. 6. It can be seen that without the proposed 
optimization, voltage fluctuates in a pattern similar to the solar irradiance. With the proposed optimization 
method, voltage fluctuation during daytime is less and the level is higher than the case without optimization. 
This would help flatten voltage level across the system and thereby help reduce losses. 

 

 
 
Fig. 6. Solar PCC bus voltage. 
 

Figure 7 shows comparison of power losses in cases of with and without optimization. It is noted that 
the proposed method can optimally manage the integrated system and thereby resulting in reduced losses at 
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every time step in the day. Loss reduction during hours 1-7 is very significant due to power used by P2G for 
the conversion process.  
 

 
 
Fig. 7. Power losses. 
 

The other distinct feature of the proposed method is that it can also handle infeasible operating cases. In 
this simulation, we assumed that there is no power infeed from RE and the gas supply limit is reduced by 
20%. This scenario represent low electricity and gas supply while the load remains constant. Therefore, there 
should be some time periods of the day that the reduced power supply is insufficient to supply the load. To 
maintain secure and stable operation of the integrated system, optimal load shedding is used. The total 
electricity generation patterns of the cases with normal and reduced supply are shown in Fig. 8. It is obvious 
that when there is no RE power infeed, the thermal generating units have to increase their generation which 
thereby uses more gas. With the reduced gas supply, the operating points at 19-20 hours become infeasible. 
During this period, the proposed method determines the optimal curtailment of both gas and electrical loads 
such that the nearest feasible operating point is found.  
 

 
 
Fig. 8. Effect due to reduced gas supply (without RE). 
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6. Conclusion and Future Outlook 
 
This paper presents a co-optimization model of natural gas supply and electric power systems with power-
to-gas conversion process. The model is formulated as a set of nonlinear equations and solved by the active 
set algorithm of MATLAB optimization toolbox. However, any other algorithms such as heuristic methods 
can be applied. Simulation results demonstrate capability of the proposed method in storing surplus power 
from renewable sources in synthesis gas. Consequently, power required by the conversion process can help 
reduce power losses especially during nighttime in which wind power is high. Moreover, the proposed 
method can restore infeasible operating conditions by minimizing load curtailment in both energy systems. 
It is very well known that there are several uncertainties related to the two systems such as power output 
from renewable sources and load. These uncertainties can be further incorporated in the proposed model. 
To handle the problem with uncertainties, the optimization algorithm and implementation procedure may 
need to be changed. Moreover, power system operation under stressed conditions would experience some 
type of stability issues such as transient stability. These aspects will be investigated in the future work.  
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