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Abstract 
The present paper deals with optimizing a multi-energy district boiler by adding to the plant an 

optimally designed thermal water storage tank. First, an operation strategy is defined to manage the plant 

efficiently. Next, a reliable sizing method based on a parametric study is proposed. Various energy and 

economic criteria are evaluated for a range of thermal storage sizes. One can then choose a particular size 

that meets needs and expectations. Ones the size of the storage tank is defined, a simulation program 

allows the assessment of its impact on the boiler units dynamics. The proposed methodology has been 

applied to many multi-energy district boilers managed by Cofely GDF-Suez, our industrial partner. In 

this paper, we present a case study: a district boiler situated in southwest France. The results we obtained 

highlight the ability of a thermal storage tank (optimally sized and managed) to improve the operation of 

a multi-energy district boiler and realize significant economic savings. 
 

Introduction 
In order to meet the 20% renewable energy target by 2020, the European Union counts on biomass to 

impact on final heat energy consumption. Using biomass materials such as wood, in industrial and 

residential heating, can significantly reduce the reliance on fossil fuels and limit CO2 emissions [1]. The 

UE commission's recent report on the sustainability of biomass affirmed that biomass for heating and 

power applications can reduce such emissions by 55 to 98%. In financial terms, biomass is also cheaper 

than many fossil fuels commonly used for heating, mainly gas and oil [2,3]. Furthermore, government 

financial incentives could improve the economic performance of heating using biomass energy. Today, 

this potential is only being realized at a slow pace. So, ambitious and flexible strategies are needed to 

increase the use of biomass in Europe [4]. 

Thermal energy storage is an attractive technology considered in several studies dealing with the 

optimal sizing of heat generating systems in CHP (Combined Heat and Power) [5,6,7,8] or solar heating 

plants [9,10]. Using this mature technology in multi-energy district boilers, which is a rational and 

efficient solution (more than domestic boilers) to provide heat to buildings, is an innovative approach. 

This approach can demonstrate its effectiveness as an alternative way to maximize the profits from wood 

exploitation (renewable energy) and thus reduce the use of gas (fossil energy). In multi-energy district 

boilers equipped with thermal storage systems, a part of the energy produced by the combustion of wood 

can be stored when demand is lower than production and released later when production is not sufficient 

to meet peak load needs. Thus, this kind of systems based on thermal stratification [11,12,13] is more 

than just a hot water cylinder and when it is properly managed, it enables biomass boilers to meet a 

greater proportion of the annual energy requirements. It is also likely to offer protection to the boilers 

and improve in a significant way the overall efficiency of a plant. 

In France, this concept is still under development and the main question that arise is how the optimal 

size of a thermal storage tank in a district boiler can be found? In addition, in what way the whole system 

can be managed efficiently? The optimal sizing of a thermal storage system managed by a predictive 

controller has been demonstrated in a particular case (OptiEnR research project) [14,15,16]. The second 

phase of this project aims at simplifying and generalizing this approach to other collective boilers. 

So, this paper focuses on carrying out a simple methodology to estimate and analyze the influence of 

a thermal storage tank on the performance of a multi-energy district boiler. It also deals with optimal 

sizing. The first section of the paper provides a detailed analysis of the proposed design methodology. In 

the second section, a management strategy for multi-energy district boilers (equipped or not with energy 
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storage systems) and based on operation modes is presented. Then, energy and economic criteria are 

considered as evaluation tools. Finally, both the proposed sizing methodology and the management 

strategy are applied to a case study: a district boiler situated in southwest France. The key results we 

obtained highlight that an optimally sized thermal water storage tank is able to reduce fossil energy 

consumption, what results in significant economic savings. 
 

Design (sizing) methodology 
Taking a look at the state of the art about the design of thermal storage tanks, one can see that there 

are different approaches, more or less pertinent. From an industrial point of view, Australian engineers  

go for 50 liters per kW of fuel boiler power. In the UK, engineers tend to consider 10 to 20 liters per kW 

of fuel boiler power. Other commonly used approaches consist in minimizing the necessary thermal 

capacity using a segmental integral method based on the load graph of a boiler plant [17,18]. In addition, 

when there are several boiler units in a district plant, a load assignment program can be used to define an 

operating scheme or an operating mode for such a plant. George et al. [19] and Kirchmayer [20] proposed 

the principle of optimal load assignment and the theory of coordination of incremental fuel costs. 

These general approaches allow defining an approximative size for the storage tank but it is not 

optimally designed. An inadequate design of a thermal storage tank can lead to several problems. Indeed, 

an oversized one is a non-profitable investment (costs are excessive) while an undersized one cannot be 

really efficient (impact on performance is low). In opposition, an optimally-sized thermal storage tank 

has enormous potential to improve effectiveness in using thermal equipment and economic large-scale 

substitution. So, before taking the decision to install such a system, an appropriate design (sizing) is 

required. That is why a reliable sizing method based on a parametric study is proposed. 
 

 
 

Fig. 1. Flowchart of the design (sizing) methodology. Pnet is the heating network load, WB is the wood 

boiler and GB is the gas boiler 
 

In multi-energy district boilers, biomass boilers (characterized by a minimal and a maximal heat 

production capacity  min max;P P ), are generally sized to provide the most important part of the required 
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thermal energy but lack the capability of covering the peak loads [21]. So, auxiliary fossil boilers are 

needed to cope with load heat demand during the coldest periods of winter, a possible shut-down of 

biomass boilers for maintenance or if heat demand is lower than the minimal heat production. 

The proposed methodology depicted by Figure 1 is based on 3 steps. First, a range of thermal storage 

sizes is defined according to the availability of space on site and finances. Then, a management strategy 

is applied to the district boiler equipped with the storage tank. At least, an economic and energy 

evaluation for each storage size is carried out to determine the feasibility of the proposed scheme for 

investment purposes. Based on the optimization of an economic or energy criterion, the optimal size of 

the thermal storage tank can be defined and the impact of such an investment can be evaluated. 

The storage system has a total capacity Emax expressed by equation (1), with  (kg/m
3
) the water 

density, 
pC  the specific heat of water, T the difference of temperature between the cold and hot water 

and V the volume of the system (m
3
). Thermal losses are not considered here. The system is able to store 

the excess of energy generated by wood boilers and to release it instead of engaging fuel (gas) boilers. 
 

max pE C V T     (1) 

 

Management strategy 
The main purpose of this study is optimizing the operation of a multi-energy district boiler by adding 

an optimally-designed thermal storage tank and defining an adequate management strategy to be applied 

to the whole system. Due to the large variability in demand profiles and technical characteristics from 

one district boiler to another, thermal storage performances have to be evaluated case by case. 

On the basis of load profiles (Pnet) and the wood boiler's characteristics, a multi-energy district boiler 

can be operated using an adequate strategy, as described by Figure 2 (left). Basically, the biomass power 

is modulated between Pmin and  Pmax (S1) to meet energy requirements. When demand is lower than Pmin, 

the wood boiler is switched off and the fuel (gas) boiler is used as sole heat generator (S3). During peak 

load periods, energy demand is shared between the wood boiler operating at its maximum power and the 

auxiliary gas boiler (S2). So, the main goal is to remove S3 and avoid switching to S2 using a thermal 

storage tank, both states leading to fossil energy consumption (Figure 2, right). Changes in demand and 

storage content (Ecum) indicate when switching from one operation mode to another. 3 modes are proposed: 
 

 
 

Fig. 2. State diagram of a multi-energy district boiler (with or without thermal energy storage) 
 

Operation mode 1. During low-demand periods, instead of modulating the biomass power, the wood 

boiler operates at full load to meet energy requirements and charge the thermal storage tank. Once 

demand is upper than max

WBP , the stored energy is used to satisfy excess demand. In this way, the gas boiler 

is only switched on when the storage tank is empty and demand still exceeds max

WBP . This operation mode, 

represented by (S1, S2, S1m-c, S1m-d), is generally used during winter periods characterized by an important 

energy demand. 

Operation mode 2. This second mode is depicted by (S1, S2, S1m-c, S1m-d) and considered during mid-

season periods, when the energy demand is variable but does not exceed max

WBP . When max

net WBP P , instead 
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of stopping the wood boiler, we keep it running at minimal load and store the exceed of energy produced. 

It will be used later. In this way, this boiler is operating continuously and fuel energy can be saved. 

Operation mode 3. During the hottest months of summer, most of the buildings do not need to be 

heated and, as a consequence, only domestic hot water is required. Generally, wood boilers are oversized 

to be able to operate during this period and a gas boiler is used to meet low power requirements. A wood 

boiler combined with a thermal storage tank can be used during the hottest months of summer as follows: 

first, the wood boiler operates at full load and allows both the heating network requirements to be met 

and the tank to be charged. Once the storage system is completely filled, the boiler is shut down and the 

stored energy is used to afford domestic hot water. The boiler is switched on again when the storage tank 

is empty. This operating mode, represented by (S1n-c, Sd), prevents the use of gas and favours the use of 

renewable energy. Table 1 summarizes the different states and transitions: 
 

Table 1. Operation of a multi-energy district boiler 
 

State Action Transition Condition 

S1 WB resP P & 0GBP  & 0TS   c0 minnetP P  

S2 
max

WB WBP P & max

GB res WBP P P  & 0TS   c1 min 1netP P th   

S3 0WBP  &
GB resP P & 0TS   c2 1 2netth P th   

S1m-c 
max

WB WBP P & 1TS   c3 2 maxnetth P P   

S1m-d 
max

WB WBP P & 1TS    c4 maxnetP P  

S1n-c 
min

WB WBP P & 1TS   o 0cumE   

S1n-d 
min

WB WBP P & 1TS    e maxcumE E  

Sd 0WBP  & 1TS    u Summer period 

 

Energy and economic evaluation 

Energy and economic criteria are proposed as performance indicators. Considering a wide range of 

thermal storage sizes, one can highlight the impact on a multi-energy district boiler operation thanks to 

these criteria. An adequate size can be chosen on the basis of the optimization of one or more criteria. As 

a key point and to address the question of the optimal capacity, what is expected from this system has to 

be highlighted. The basic purpose of thermal storage is to decrease gas consumption while ensuring the 

contractual wood coverage rate Cwood-c. woodE and gasE are the annual energy consumption from wood and 

fuel (gas), respectively (2): 
 

wood
wood

wood gas

E
C

E E



 (2) 

 

Thermal water storage tanks gain their major economic advantage from the difference between the 

price of wood and fuel. So, a financial parameter Ec is defined as the annual economic gain associated to 

the use of a thermal storage tank (3). gasEc  is the annual decrease in gas consumption (4) while 
woodOv is 

the annual increase in wood consumption (5) due to the use of the tank. gasUP and
woodUP are the prices per 

kWh of gas and wood, respectively. As mentioned above, 
woodE and gasE are the respective annual energy 

consumption from wood and fuel (in equations (4) and (5), with or without energy storage): 
 

gas gas wood woodEc Ec UP Ov UP     (3) 

   gas gas gasnostorage storage
Ec E E   (4) 

   wood wood woodstorage nostorage
Ec E E   (5) 

 

In order to put in perspective the economic benefits related to energy savings, the payback period 

(PBP) has to be evaluated. The payback period is the length of time required to recover the cost of the 
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investment related to the thermal storage tank. PBP is calculated from Cs, an estimation of the thermal 

storage costs, and Ec (3). It is expressed as follows (6): 
 

Cs
PBP

Ec
  (6) 

 

In addition, the economic gain G is calculated from PBP (6), Ec (3) and Dop. Dop is the operating 

period. It includes the effective operating time and all types of idle time, whether caused by maintenance 

and repair or by organizational or other reasons. G is expressed as follows (7): 
 

 opG D PBP Ec    (7) 

 

According to all of these considerations, the storage tank (related to its size) with the most important 

economic gain and that allows the contractual wood coverage rate to be satisfied is recommended as the 

optimal option. It should also be noted that new connections to the heating network, future building 

expansions as well as the way energy sale prices will evolve in the future are factors to be taken into 

account to evaluate accurately the limitations of the selected tank. Finally, the optimization problem can 

be formulated in the following way: 
 

 
 
 

min max;
max with

V
wood wood c

V V V
G

C V C 





 (8) 

 

Case study 
This section of the paper focuses on a case study. Both the design methodology and the proposed 

management strategy are applied to a multi-energy district boiler situated in Midi-Pyrénées (France). 

 

1. Plant overview 

Midi-Pyrénées is a region located in the southwest of France and renowned for its warm and pleasant 

climate throughout the year. The region boasts oceanic, mediterranean as well as continental weather 

influences. As a result, variability in the climate is high. With the Pyrenées mountains to its south, the 

Massif Central to the north, Midi-Pyrénées climate and weather are influenced from both sides. Thus, 

temperatures can be high during summer (average tempearture is about 20°C) and quite low during 

winter (average temperature is about 6°C). There are also mild spring and autumn months. 

The considered plant whose synoptic is shown in Figure3 is composed of three heat generators. The 

first generator is a biomass boiler WB min max1350kW; 5400kWWB WBP P    designed to ensure the base 

production. Since this wood boiler cannot operate beyond its upper or lower limit, a 3500 kW gas boiler 

(GB1) operates jointly with it during peak demand periods or alone when demand is lower than the wood 

boiler minimal power. A 6500 kW gas boiler (GB2) is only switched on in case of malfunction or during 

maintenance. The main objective of the work is to evaluate the impact on plant performance of an 

optimally designed thermal storage tank. 
 

 
 

Fig.3. Synoptic of the considered multi-energy district boiler 
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Fig.4. Heating network load (kW) 
 

2. Operation modes 

Taking into consideration the heating network load (Figure 4) as well as the generators characteristics 

provided by the plant operator (Cofely GDF-Suez), the management strategy discussed in section 1 can 

be applied to this multi-energy district boiler with th1 = 2700 kW and th2 = 4050 kW (Table 1). For this 

plant, two operation modes can be envisaged. During winter and mid-season periods (January, February, 

March, April, May (1-15), October (16-31), November, December), one can observe that the variability 

in energy demand is high. Sometimes it is lower than the minimal power of the biomass boiler (1350 

kW) while it can exceed at times its maximum power (5400 kW). During summer (from May, 15 to 

October, 15), demand stabilizes at a power lower than 1000 kW.  

First, let us consider the plant without storage tank. During the first period, the biomass power is 

modulated between 1350 and 5400 kW (S1) to meet demand. When requirements are out of this power 

range, the gas boiler is turned on (S2, S3). During this period, energy consumtion of gas is evaluated at 

0.720 MWh. This represents 4.67% of the annual energy demand. During the summer period, the wood 

boiler is not used and 10.64% of this annual demand is satisfied by the gas boiler (S3). 

A thermal storage tank can be considered in order to reduce the annual gas consumption (estimated at 

2.36 MWh, what represents 15.32 % of the annual energy demand). By storing and releasing energy, one 

can delay or even prevent the use of the gas boiler (S1m-c, S1m-d, S1n-c, S1n-d, Sd). 
 

3. Design (sizing) of the stotage system and performance evaluation 

A thermal storage system whose size varies from 0 to 1000 m
3
 has been considered for the plant. 

Performance is evaluated thanks to the proposed energy and economic critera. Figure 5 shows how wood 

and gas coverage rates evolve according to the volume of the system. First, one can highlight that the 

wood boiler is sized to insure around 85% of the annual energy demand. When adding to the plant a 100 

m
3
 thermal storage tank, the wood coverage rate increases of 13% (it is so equal to 98%). Beyond 100 

m
3
, the volume of the tank impacts on the wood coverage rate in an insignificant way: if the volume of 

the tank increases 10 times, this rate increases only by 1.5%. This is without any doubts the consequence 

of a limited quantity of energy available to be stored. 

Let us now investigate the economic impact of the proposed investment. Figure 6 shows that the 

optimal global gain is obtained when considering a 200 m
3
 storage tank. Taking as a reference the district 

boiler without storage process, such a system allows 48.3 k€ to be saved annually. The cost of the 

investment related to the thermal storage tank is about 98 k€ and as a result it can be recovered in two 

years only. In addition, over the 25-year operating period, the global economic gain amounts to 1109.5 

k€. Based on this assessment, one can confirm that adding to the plant a 200 m
3
 thermal storage tank is 

commercially viable. However, an increase in demand or energy prices has to be taken into account to 
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complete the analysis. Regarding the ability of a 200 m
3
 thermal storage tank to cope with an eventual 

increase in demand, one can observe (Figure 7) that the wood coverage rate remains higher than 90% 

(usually, the contractual wood coverage rate is 92%) in case of an increase in demand that does not 

exceed 40%. In addition, an annual increase in wood and gas prices of 1 and 2% respectively leads to a 

global economic gain of 1514.13 k€ over the 25-year operating period of the plant. 
 

 
 

Fig.5. Impact of the volume of the storage system on the coverage rate 
 

 
 

Fig.6. Economic evaluation of energy storage 
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Fig.7. Impact on the wood coverage rate (
woodC ) of an increase in energy demand (the plant is equipped 

with a 200 m
3
 thermal storage system) 

 

Figures 8 and 9 show the behavior of the considered district boiler during the first week of January 

and the third week of May, respectively. During the first period (operation mode 1), the maximum load is 

6.45 MW what means that the gas boiler will be used to cope with such a demand if the plant is not 

equipped with a thermal storage system. The minimum load is 0.27 MW and the gas boiler will also be 

used instead of the biomass boiler which is unable to meet a demand when it is lower than 1.35 MW. In 

opposition, when considering a 200 m
3
 thermal storage system, the gas boiler is no more used during 

peak or low demand periods and the wood boiler operates continuously. 

During the second period (operation mode 2), the maximum load is 0.760 MW what means that only 

the gas boiler can operate to satisfy energy requirements. The wood boiler, operating at its minimum 

power and combined with a 200 m
3
 thermal storage tank, can replace the gas boiler and thus the amount 

of fuel energy consumed can be reduced. One can also observe that the storage system has a two-phase 

dynamics (charging /discharging), each one is about half a day. During the charging phase, the excess of 

energy produced by the wood boiler is stored and once the storage system is full, the wood boiler is shut-

down and the demand in energy is satisfied only by the stored energy release. 

 

Conclusion 
In this paper, an efficient methodology allowing the optimal volume of a thermal storage tank to be 

highlighted is presented. First, a parametric study is carried out to maximize the economic gain related to 

energy storage over the operating period of a multi-energy district boiler. As a key point, the contractual 

wood coverage rate has to be satisfied. Jointly to an efficient management strategy, an optimally 

designed thermal storage tank allows gas consumption to be reduced and the plant operation to be 

improved. Table 2 summarizes the results we obtained by applying the proposed approach to a case 

study. Future work will first focus on evaluating the thermal losses in the storage tank. In addition, a 

predictive control strategy will be applied to multi-energy district boilers. 

 

Table 2. Main results (case study) 

 

Configuration woodC  Ec  G [25 years] PBP 

No storage system 85% - - - 

200 m
3
 storage system 98.7% 48.3 k€ 1109.5 k€ 2 years 
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Fig.8. Plant's operation during January 
 

 
 

Fig.9. Plant's operation during May 
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