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Abstract: Greenhouse gas (GHG) emissions have significantly increased in recent years as a result 
of population rise and the increase in the number of residences, with high levels of energy use in 
homes and household appliances. It is crucial to move the housing industry away from high-carbon 
sources and toward low-carbon sources in order to minimize greenhouse gas emissions as a 
precaution. One of the most crucial systems that needs to be provided in order to achieve energy 
efficiency is the electric water heater (EWH), as they rank among the top electricity consumers. In 
this study, a double-tank EWH model was developed and simulated at various tank sizes (100 L, 
200 L, 300 L and 400 L) and power ratios (1 kW, 2 kW, 3kW and 4 kW) in order to demonstrate 
energy efficiency. To obtain information for the simulation analysis of the tanks, the hourly water 
usage of 25 houses was measured. The single-tank and the double-tank models created for this study 
were both run in the Matlab/Simulink environment with an on-off controller applied, and their 
energy consumption was compared. Amounts were also determined based on how much energy 
both tanks consumed. It has been noted that the amount of GHG emissions is also reduced because 
the double tank uses less energy than the single tank does. The simulation showed that compared 
to the single tank, the dual tank produced 46.62% less GHG emissions at 45 W power and 47.51% 
less GHG emissions at 80 W. 

Keywords: electric water heater simulation; tank control; hot water profile; greenhouse gas  
emission; decarbonization 
 

1. Introduction 
In every area of the economy, there is a significant focus on decreasing energy use 

and the associated GHG emissions. Every country’s attempts to reduce energy 
consumption are centered on both the residential and building sectors because they 
consume a significant amount of energy globally [1]. To evaluate the techno-economic 
effects of adopting energy efficiency and renewable energy technologies suited for 
residential applications, comprehensive models are required because the energy 
consumption characteristics of the residential sector are complicated and interrelated. 
Because they produce both direct and indirect emissions, buildings have a significant 
impact on global GHG emissions. Future energy demand and hourly demand profiles 
may be considerably impacted by climate change and growing electrification of space and 
water heating in buildings, which will have an impact on the capacity and GHG emissions 
of the electric system [2]. Similarly, a study on demand-side decarbonization and 
electrification is presented in [3]. Researchers concentrated on demand-side 
decarbonization and examined the final energy mix needed for Japan to achieve 80% GHG 
reductions by 2050. The model’s findings indicate that in order to reduce emissions by 
80%, the share of electricity in final energy usage (also known as the electrification rate) 
must increase to 37–66% in 2050 from 26% in 2010. The increase in electrification is mostly 
attributable to the switching from fossil fuel end-use technologies (i.e., oil water heaters, 
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oil stoves and combustion-engine vehicles) to electricity end-use technologies (i.e., heat 
pump water heaters and electric vehicles). The results of this study [3] indicate that large 
reductions in CO2 emissions are required on both the supply and demand sides in order 
to meet the long-term reduction objective. In this modeling comparison, the demand-side 
emissions are reduced by around 70% under the scenario that is consistent with Japan’s 
Nationally Determined Contribution and the mid-century approach. 

Residential energy consumption accounts for 16–50% of total national energy 
consumption and 30% of global energy consumption on average. In Turkey, the 
residential sector accounts for 31% of total energy consumption [4]. Although a 
multifaceted strategy is necessary to completely decarbonize our societies, it is commonly 
agreed that the energy supply sector must play a significant role. Not just because it is the 
biggest source of GHG emissions in the European Union (EU) [5], but more so because of 
its exceptional capacity to replace fossil fuels with renewable alternatives for the 
production of power. The severe negative effects of conventional energy use from fossil 
fuels on the physical and social spheres have sped up the deployment of low-carbon and 
renewable energy sources. The primary force behind the decarbonization of the building 
sector, according to the International Energy Agency (IEA), is electrification [6]. However, 
in 2018, fossil fuels accounted for 47.55% of total home energy use in the EU-28. Therefore, 
it is necessary to apply existing technology widely and immediately to increase building 
electrification. The power consumption of home appliances and continuous energy usage 
of residential structures have become major issues in recent years due to the increasing 
load density in the housing industry. By using either decarbonized electricity sources 
alone or in combination with natural gas sources as fuel, there is a lot of potential for 
building decarbonization [7–9]. 

Buildings consume around 40% of the energy used in their construction, operation, 
and use and contribute more than one-third of the equivalent direct and indirect GHG 
emissions [10]. According to another study, one of the biggest energy consumers in a 
typical domestic household are EWHs. Water heating accounts for 14%, 18% and 23% of 
the total residential load in nations such as the EU, the United States (US) and Australia, 
respectively [11]. Utilizing energy-efficient or renewable energy technology, for putting 
on objective water heating, may contribute to reducing the magnitude of the energy crisis. 
Therefore, this will result in lower energy costs and consumption, lessening the impact of 
rising energy prices on consumers. Building electrification has received attention from 
several researchers as a potential decarbonization strategy [7,12–15], with an emphasis on 
electric heat pump technologies [12,15] and electric resistances [16–18]. Research has 
focused much more on the former than the latter, particularly on the heating service [2,15] 
as opposed to water heating in homes [16–19] up to the present. Resistance water heaters 
were the least expensive options, coming in second to oil-fueled technologies, according 
to an examination of tankless and storage EWHs at the household level in [19]. 
Nevertheless, only one water heater configuration was employed in the investigation and 
changing power rates were disregarded. On the other hand, M. Casanovas-Rubio and J. 
Armengou [17] included fluctuating power rates in the research and came to similar 
conclusions for EWHs. In this study, a single water heater setup and occupant behavior 
were examined. In a study [20], a review of advancements and research into various water 
heating devices is presented. EWHs, passive and active solar water heating systems, heat 
pumps, geothermal water heating systems, photovoltaic/thermal water heating systems, 
gas-fired tankless water heating systems, biomass water heating systems and oil-fired 
water heating systems are some of these technologies. Electric water tanks were the lowest 
performers, according to a cradle-to-cradle analysis of various different water heating 
methods by Liu et al. [16]. However, the authors noted that the large proportion of fossil 
fuels in the electrical combination was to blame for such bad environmental outcomes. In 
fact, compared to other options, electric water tanks were shown to have the lowest end-
of-life environmental effect on material and product use. 
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Approximately half of the energy used by a typical household may be used by 
conventional water heaters. This excessive energy usage is mostly caused by old, 
inefficient electric storage tank water heating systems as well as a lack of energy-efficient 
activities. The majority of the elements related to energy management and design have 
been the subject of research and development on new, more energy-efficient water heating 
systems. The energy consumption and load management of these water heating systems 
have also undergone considerable changes as a result of studies on heat loss reduction 
and optimization [20]. Geglio et al. [21] calculate how much residential energy and water 
use contributes to overall water use and greenhouse gas emissions. To determine the net 
GHG emission levels represented as carbon dioxide equivalent (CO2e) and water 
consumption levels of home appliances for various supply- and demand-side scenarios, 
they create an extensive spreadsheet-based input-output model. According to their 
estimates using the national average emission factor for the US, using a baseline EWH 
would result in annual CO2 emissions savings of 1443 kg compared to using a baseline 
natural gas water heater of 13 kg. The difference between natural gas and total electricity 
was close to the findings of a prior study, which indicated annual CO2 reductions of 105 
kg per family in California. A comprehensive simulation study of aggregate EWH load is 
reported in a paper by Nehrir et al. [22]. According to simulation studies, the voltage 
provided to the EWHs can be significantly reduced without noticeably degrading 
customer service. This would reduce the overall peak power consumption for EWHs. Peak 
power reduction could also be attained by regulating the EWH element power during 
peak-load hours by raising the resistance of the heating element or by briefly turning the 
element off. The simulation findings show that reducing the heating element power of the 
EWHs can reduce (or restrict) their power usage during peak-load hours. 

On the other hand, consumers want to use less energy so they can cut costs while 
maintaining user comfort (water being hot when needed) [23]. Water heaters compete for 
access to the heating medium in the load-spreading strategy proposed by Roux et al. [23]. 
Moreover, individual user comfort, grid load limits, real-time temperature readings, 
water usage trends and heater meta-data are all taken into account by the suggested smart 
grid solution. The programmer only turns on the heaters with the highest demand but 
limits the number of heaters turned on to ensure that the mains load remains below a 
certain limit for a certain period of time. The approach is assessed using simulations for a 
range of load restrictions and heater set temperature levels, and it is contrasted with ripple 
control and real consumption data from a field study involving 34 water heaters. By using 
the suggested algorithm, the load is decreased from 62 kW to 20, 30, 40 and 50 kW (vs. 106 
kW for full ripple control). The total energy from a user-optimized natural experiment is 
reduced by 14%, and the number of undesirable cold events is less than for ripple control 
and hardly more than for no control. Xiang et al. [24] developed a control method that is 
proposed to control domestic electric water heaters (DEWHs) without temperature 
information. Based on the patterns of DEWHs, a time-varying weight matrix is created, 
and the weight matrix and states of the DEWHs can be used to estimate their 
temperatures. A customer satisfaction prediction index is created using the weight matrix 
and heating times and can be used as a guide during direct load control. To ensure end-
user comfort, the index can be utilized to decide which DEWHs to switch off or back on. 
Only the on-off states of DEWHs, which are already present in practice, are required for 
the suggested technique. Results from simulations show that the suggested strategy can 
successfully lower peak demand without compromising end-user comfort. 

The literature has a wide variety of models and experimental data that attempt to 
characterize EWHs. A physics-based, one- and two-node transitioning model for EWHs 
was presented by Diao et al. in [25]. The one-node (or single mass) model from Dolan et 
al. [26] and the two-node (or two-mass) model from Kondoh et al. [27] are two additional 
models that are included. The single-node model assumes that the entire body of water 
inside the tank is at a homogeneous temperature. The two-node model separates the total 
tank volume into two independent isothermal volumes—the higher, warmer epilimnion 
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and the lower, cooler hypolimnion. The thermocline is a layer that separates them. When 
a significant water withdrawal event takes place, the transitional model switches from the 
one-node model to the two-node model and forecasts the vertical position of the 
thermocline. This attempts to simulate the impact of thermal stratification to some extent. 
A comparable one- and two-node transitioning model was utilized by Engelbrecht et al. 
[28] to establish the ideal scheduling and heating control solutions. In their two-node 
model, Kondoh et al. [27] focus on the direct control of EWHs to adjust their power 
consumption to follow regulation signals. First, an energy balance-aware simulation 
model of a dual-element EWH was created. The measured average load profile was then 
used to estimate the hot water demand for each EWH. The control strategy for EWHs for 
regulation was then put out. The next step involved numerically simulating the operation 
of EWHs and evaluating their controllable power usage. The findings showed that 33,000 
EWHs are needed for the suggested control scheme in order for the whole day (24 h) 
regulation to apply to 2 MW bi-directional regulatory signals. The regulation’s bottleneck 
occurs between 0:00 and 6:00 when there is the least amount of energy use. The other 18 
h regulation will need 20,000 EWHs if the regulation throughout the period is not 
necessary. To simulate the transient behavior of a vertical EWH at various tank areas, Xu 
et al. [29] created a partial differential equation model. A total of 250 h of experimental 
data were collected using a setup with six digital sensors: two at the inlet and outflow and 
four uniformly spaced throughout the tank (from top to bottom). These data were used to 
validate the model. Additionally, the ambient temperature and water flow rate were 
measured. According to the validation results, the proposed model performs superbly 
and serves as a useful benchmark for simulating a sizable population of EWHs for the 
testing of demand response controls. Tahiri et. al. [30], in order to lower the return 
temperatures in domestic hot water tanks with a circulation loop, developed two new 
control approaches that are presented in this study. With measured data from a residential 
structure in Hillerod, Denmark, the authors constructed and verified a dynamic model 
and examined the effectiveness of the control principles using real domestic hot water 
tapping profiles. Finally, the phased control technique was put to the test in the field by 
the authors, who then compared the outcome to a standard conventional control. The 
results signified from the analysis of the new charging control confirm that the 
implementation of the new charging concept resulted in 7 °C lower district heating return 
temperatures on average and district heating flow savings of 23.6%. 

The novelty and objectives of the study are as follows: 
(i) A comprehensive hot water consumption profile in terms of time and number of 

participants was used in the simulation of the single- and dual-tank models; 
(ii) Dual-tank and single-tank energy consumptions are calculated at different tank sizes 

and power ratios and the energy consumptions of the dual tank and single tank are 
compared; 

(iii) GHG emissions of tanks were calculated and compared using dual-tank and single-
tank energy consumptions. 

2. Materials and Methods 
2.1. Hot Water Use Profile 

Water consumption models that illustrate the daily hot water use of households by 
hour are necessary for assessing the effectiveness of EWHs. There are several studies that 
offer a substantial amount of information on home hot water usage trends [31–34]. 
According to statistical research, the daily range of hourly averages for hot water usage is 
rather large [35,36]. To compare and develop water heaters for best energy efficiency, 
analyzed and defined data are used [37]. 

In this study, data were collected by measuring the hourly water consumption of 
households to be used in the simulation analysis of the tanks. The 24 h hot water 
consumption data of 25 households were recorded for 6 months between October and 



Energies 2023, 16, 2439 5 of 12 
 

March, covering the fall and winter seasons. In Figure 1, the data collected throughout the 
day for 6 months are averaged to obtain a water consumption profile showing the average 
hot water consumption which consists of 3 family members (nuclear family) around the 
clock. The water consumption profile was used in simulation studies of tank models in 
the MATLAB/Simulink platform. 

 
Figure 1. Hourly hot water use profile. 

Two significant consumption peaks may be seen in the daily home hot water 
consumption profile, which typically happen in the morning and evening. This is due to 
the fact that people often use more water in the morning when they wake up, in the 
afternoon when they go home from work or school and in the evening before going to 
bed. 

2.2. Single-Tank and Dual-Tank Modeling and Control 
In this study, as shown in Figure 2, the single-tank EWH was modeled as a 

homogenous tank with a single electric heating part. 

 
Figure 2. Model of a single-tank water heater showing flow rate, energy, temperature and volume. 

These EWHs were modeled as steel tanks with 50 mm of fiber glass insulation on the 
outside and 2 mm thick fiber glass walls inside [38]. The relationship between the outer 
surface area and volume for each tank was roughly calculated as Equation (1). 
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𝐴 = 6 𝑉ଶ ଷ⁄  (1) 

By assuming that the height to diameter ratio is 2 and expecting a 10% increase in the 
outer surface area due to the thickness of the insulation. 

Then, the heat loss from the tank surface is calculated using Equation (2) [39]. 𝑄௟௢௦௦ = 𝑈𝐴ሺ𝑇 − 𝑇௔ሻ (2) 

In this equation, 𝑈 is the total heat transfer coefficient, 𝐴 is the surface area of the 
tank, 𝑇 is the temperature of the hot water in the relevant section inside the tank and 𝑇௔ 
is the ambient air temperature, which was used as 20 °C [40,41]. The incoming water 
temperature was used as 15 °C in the calculations. 

Then, the energy change and its calculation are given in Equation (3) [39–41]. 𝜌𝑉𝐶௣ 𝑑𝑇𝑑𝑡 = 𝑃 + 𝑚ሶ 𝐶௣ሺ𝑇௜ − 𝑇ሻ − 𝐴𝑈ሺ𝑇 − 𝑇௔ሻ (3) 

In Equation (3), where 𝜌 is the water density, 𝑉 is the volume of the tank, 𝐶௣ is the 
specific heat of the water under constant pressure, 𝑇 is the temperature of hot water in 
the tank, 𝑡 is time, 𝑚ሶ  is the hot water flow rate, 𝑇௜ and 𝑇௔ are the temperatures of the 
incoming cold water and ambient temperature, respectively [40,41]. 

In this study as shown in Figure 3, the dual-tank EWH was two tanks connected in 
series. The dual tank has identical total volume capacities and power ratings equivalent 
to single-tank EWHs. 

 
Figure 3. Model of a dual-tank water heater showing flow rate, energy, temperature and volume. 

To obtain the overall EWH volumes and power ratings (𝑉 = 𝑉ଵ + 𝑉ଶ and 𝑃 = 𝑃ଵ +𝑃ଶ), the two tanks’ individual volumes and power ratings were added. Each tank’s volume 
and power rating were adjusted for maximal hot water delivery and the greatest possible 
energy-saving arrangement. For the first and second tanks, the transient energy balances 
are given in Equations (4) and (5). 𝜌𝑉ଵ𝐶௣ 𝑑𝑇ଵ𝑑𝑡 = 𝑃ଵ + 𝑚ሶ 𝐶௣ሺ𝑇௜ − 𝑇ଵሻ − 𝐴ଵ𝑈ሺ𝑇ଵ − 𝑇௔ሻ (4) 

𝜌𝑉ଶ𝐶௣ 𝑑𝑇ଶ𝑑𝑡 = 𝑃ଶ + 𝑚ሶ 𝐶௣ሺ𝑇ଵ − 𝑇ଶሻ − 𝐴ଶ𝑈ሺ𝑇ଶ − 𝑇௔ሻ (5) 

where 𝑚ሶ  is the hot water flow rate, 𝑇ଵ and 𝑇ଶ are the hot water tank sections 1 and 2’s 
respective temperatures, 𝐴ଵ and 𝐴ଶ are the corresponding surface areas of the sections. 
It should be underlined that the second tank is the tank where hot water is provided. 
Therefore, the second tank temperature, 𝑇ଶ, is crucial. 
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The total tank sizes for the simulation EWHs’ single tank and dual tank were 
determined to be 100, 200, 300 and 400 L. During optimization, power ratings of 1, 2, 3 
and 4 kW were applied to each tank. 

In order to determine the maximum daily amount of hot water that can be produced 
for each tank volume and power rating, parametric optimization was carried out on 
single-tank EWHs. 

For the dual tank consisting of two sections, the volume of the upper section was 
chosen as 25% of the total volume, and the power of the upper heater was chosen as 75% 
of the total power. 

The temperature of the hot water in the heater was accepted as 60 °C at the start of 
each optimization and it was kept between 60 and 65 °C during the optimization 
according to ANSI standards. The temperatures were kept in this range using an on-off 
thermostatic controller. 

2.3. Emission Calculation Using Electricity Consumption 
In order to compare the greenhouse gas emissions of single- and dual-tank water 

heaters, it is necessary to calculate the carbon emission using energy consumption 
amounts. For the electricity required to run any appliance, there is the amount of GHG 
emitted during electricity generation from fossil fuels. To estimate the amount of this 
greenhouse gas, the emission factors and the characteristics of each type of fuel mixture 
(coal, gas, oil, etc.) are used. The rate of electricity it generates must be taken into account 
[4]. The carbon dioxide and other emissions per unit of electricity generation also depend 
on the characteristics of the fuel and the power plant and are offered on a country-specific 
basis. In their study, Ureden and Ozden [42] gave the equation used in the calculation of 
emissions from electricity consumption. In this study, the emission amount for EWHs is 
estimated based on this equation. The formula used for calculating the amount of 
emissions from electricity consumption is given in Equation (9) [43–46]. 𝐸௞௚஼ைమ௬௘௔௥ = ቆ𝐹𝑉௞ௐ௛௬௘௔௥ × 𝐸𝐹௞௚஼ைమ௞ௐ௛ × 𝑇&𝐷𝐿%ቇ + ቆ𝐹𝑉௞ௐ௛௬௘௔௥ × 𝐸𝐹௞௚஼ைమ௞ௐ௛ ቇ (6) 

where: 𝐸ೖ೒಴ೀమ೤೐ೌೝ  is Emission kg of carbon dioxide (௞௚஼ைమ௬௘௔௥ ), FV is activity data (kWh/year) 

total amount of electricity consumed per year, EF is Emission Factor (kg CO2/kWh) (taken 
as 0.6488 kg CO2/kWh for Turkey and detailed information is obtained from TEİAŞ annual 
reports) [45,46]. 

T&DL is transmission and distribution losses (13.8%) (taken as 13.8% on average for 
Turkey and detailed information is obtained from TEİAŞ annual reports) [45,46]. 

It is noteworthy to mention that since the FV (kWh/year) data in Equation 1 are used 
as kWh/day data, the emission amount is calculated as E kg CO2/day in this study. 

3. Results 
3.1. Tank Simulation and Energy Consumption 

Energy consumption results for the single tank were accomplished by implementing 
the previously given in the equations (2.2. Single-Tank and Dual-Tank Modeling and 
Control) and distributing the hourly hot water production according to the daily total hot 
water consumption pattern. 

The energy required to provide the desired amount of hot water outputs for single 
and dual tanks was calculated and is shown in Figure 4 for various tank volumes and 
power ratings. 

Figure 4 shows that even for the same power value and the same hot water output, 
the energy required per liter of hot water increases with the tank size in a single-tank 
simulation. Less energy is needed per liter of hot water in smaller tanks, but the amount 
of hot water produced is lower. 
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Figure 4. Energy consumption curves per liter of hot water for different power rates. 

In the dual tank, the required energy per liter of hot water decreases with tank size, 
even for the same power rating and hot water output, as seen in Figure 4. Smaller tanks 
provide less hot water for everyday use and consume more energy per liter of heated 
water. 

The dual-tank EWH compared to the single-tank EWH with on-off control performed 
an average of 12.4% at 1 kW, an average of 6.2% at 2 kW, an average of 4.1% at 3 kW and 
an average of 3% at 4 kW lower energy consumption. Especially for lower power rates 
and a tank volume of 400 L, the dual-tank EWH produced more hot water. In the dual-
tank EWH with on-off control, the energy consumption is very low, except for a tank size 
of 100 L. In particular, at a power rating of 1 kW with a 400 L tank size, the dual tank 
consumed 24% less energy than the single tank. 

3.2. Energy Analyses during Heating Period 
According to the mentioned control mechanisms, heaters are controlled at time ‘t’ 

according to the flow rate at time ‘t + 1’ and the possible temperature values at time ‘t + 1’ 
are checked. When both heaters are “on” at time “t,” if the water temperature in the 
second tank “T” is below 65 °C at time “t + 1,” the heaters stay “on”. The first heater, which 
has a lower power rating, turns off first and the second heater heats the tank if the 
temperature at time t + 1 tends to rise above 65 °C. The second heater with the higher 
power rating turns “off” and the first heater heats the tank if the temperature at time t + 1 
is higher than 65 °C. This process continues until the second tank achieves a temperature 
of 65 °C. 

The heaters start cooling again when the water in the second tank reaches a 
temperature higher than 65 °C. We once again examine the temperature change at t + 1 to 
ensure that the cooling and water flow are optimized. Both heaters stay “on” if the 
temperature tends to drop even when they are both turned on. The second heater stays 



Energies 2023, 16, 2439 9 of 12 
 

“on” even though the first heater, which has a lower power rating, turns “off” if the water 
temperature inside the tank does not drop. 

If the temperature does not drop, the first heater stays “on” this time, while the 
second heater with the greater power ratio turns “off.” The heaters stay in the indicated 
state even if cooling occurs. If not, the tank is permitted to cool while both heaters are 
turned “off”. As a result, even though the water temperature can drop, it does so 
gradually. However, this led to a significant rise in energy consumption and had little to 
no impact on the flow rate. Stratification is crucial at this point. Water and energy will be 
wasted while waiting for the output temperature to reach 62.5 °C because it will take some 
time for the water to warm up. This is an energy waster. Transient analysis on ANSYS 
Fluent was carried out to see how long it took for the outlet water temperature to reach 
62.5 °C in order to reduce this energy loss. 

3.3. Estimation of Greenhouse Gas Emission 
The total energy consumption and greenhouse gas emission value (E kg CO2/day) 

calculated by operating the single tank and dual tank at ideal power ratios are given in 
Table 1 and Table 2. The tank size used in the simulation studies is 100 L. As the tank size 
and liter capacity increase, the water consumption also increases. In addition, as the size 
of the tank increases, the area to be covered increases. Hence, the experimental studies 
were carried out on a minimum size of 100 L. Daily greenhouse gas emission (CO2 
equivalent) values were calculated according to Equation 1 using the daily energy 
consumption of the tanks. 

Table 1. GHG analysis for the single tank with respect to energy consumption. 

Power  
Rating (W) 

Time 
Waited 

Energy 
Consumption (J) 

Power Consumption 
(kWh) 

GHG Emission 
(kgCO2/Day) 

45 9.50 1704.74 4.74 × 10−4 7.31 × 10−4 
50 9.15 1688.27 4.69 × 10−4 7.24 × 10−4 
65 8.19 1632.84 4.54 × 10−4 7 × 10−4 
75 7.60 1591.79 4.42 × 10−4 6.83 × 10−4 
80 7.32 1570.30 4.36 × 10−4 6.74 × 10−4 

Table 2. GHG analysis for the dual tank with respect to energy consumption. 

Power  
Rating (W) Time Waited 

Energy  
Consumption (J) 

Power  
Consumption 

(kWh) 

GHG Emission 
(kgCO2/Day) 

45 5.51 910.07 2.53 × 10−4 3.90 × 10−4 
50 5.28 899.41 2.50 × 10−4 3.86 × 10−4 
65 4.66 863.86 2.40 × 10−4 3.71 × 10−4 
75 4.29 837.82 2.33 × 10−4 3.59 × 10−4 
80 4.12 824.27 2.29 × 10−4 3.54 × 10−4 

Single-tank and dual-tank GHG emission values are compared in Table 3. At all 
power values, the dual tank has lower GHG emission values than the single tank. This 
shows that the use of dual tanks in the EWH model can provide a transition from high 
carbon emission to low carbon emission. In particular, according to the simulation result 
operated at a power rate of 80 W, the dual tank emitted 47.5% less greenhouse gas 
emissions than the single tank. 
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Table 3. Dual tank compared to single tank. 

Power Rating (W) Dual Tank Compared to Single Tank 
45 46.62% less 
50 46.73% less 
65 47.09% less 
75 47.37% less 
80 47.51% less 

Since the energy consumption is lower in the dual tank model with a 100 L tank size 
and 45, 50, 65, 75 and 80 W power values compared to the single tank model, the dual-
tank GHG emission is also less, hence dual tanks are recommended for decarbonization. 

4. Discussion 
Figure 4 indicates the energy consumption per liter of hot water of the dual-tank 

water heater as compared to the single-tank water heater. According to Figure 4, dual-
tank water heaters are not more effective than single-tank water heaters for small sizes 
(100 L or less). The energy consumption for 1 kW power input at 100 L tank size increased 
by 1.2% for the dual tank compared to the single tank, while the energy consumption of 
the 400 L tank decreased by 24%. Hence, single-stank EWHs underwent a 23% lower 
performance compared to dual-tank EWHs with on-off control. However, for an electric 
power input of 4 kW, the reductions in energy consumption increase by 0.5% at a 100 L 
tank size and decrease by 6% at a 400 L tank size. The 400 L dual-tank EWHs with on/off 
control produced more hot water, especially at lower power rates. This indicates that for 
dual-tank water heaters, a larger tank size with a lower electrical power rating is 
recommended. At all power ratings, dual-tank EWHs consumed lower energy as well, 
with the exception of tanks larger than 100 L. 

In addition to 100 L, simulations can be carried out at 200, 300 and 400 L at 45, 50, 65, 
75 and 80 W. 

In the hot water consumption profile used in the study, the average daily water usage 
amounts cover the months of October–March, that is, the autumn and winter seasons in 
Turkey. If the water usage amounts for the summer and spring months were added, a 
slightly different profile would emerge from the current water usage profile. For this 
reason, a more accurate profile is planned to cover annual consumption as a future study. 

5. Conclusions 
In this study, the optimum design for an EWH storage type (single-dual tank) model 

is developed to reduce carbon use and achieve energy efficiency. EWH tank models are 
simulated with typical daily household use and their energy consumption is compared. 
Single- and dual-tank EWHs of various tank sizes and power ratings are analyzed using 
an average hourly hot water usage profile. In order to obtain the optimum design for dual 
tank EWHs, a model is used where the size of the second tank is 25% of the total tank 
volume and the power rating is 75% of the total power rating [40]. Single-tank and dual-
tank models of the EWH were created and energy consumption amounts were calculated 
and compared in the simulation environment. When the dual-tank EWH is compared to 
the single tank water heater, it is found that the dual-tank model provides more hot water 
per day and consumes less energy throughout the day. 

The greenhouse gas emission carbon dioxide equivalent was analyzed and evaluated 
using the energy consumed by the tanks, the total amount of water consumption and the 
type of energy source (electricity). According to the calculations, it was found that the 
dual-tank model emits less carbon dioxide than the single-tank water heater model. 
According to the simulation results, at all power rates, the dual tank realized 47.1% less 
greenhouse gas emissions on average than the single tank. The analysis provided an 
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assessment of the carbon footprint and showed that the use of the dualtank model is an 
effective and economically viable solution to reduce greenhouse gas emissions. 
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