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Abstract: The transition of residential communities to renewable energy sources is one of the first
steps for the decarbonization of the energy sector, the reduction of CO; emissions, and the mitigation
of global climate change. This study provides information for the development of a microgrid,
supplied by wind and solar energy, which meets the hourly energy demand of a community of
10,000 houses in the North Texas region; hydrogen is used as the energy storage medium. The results
are presented for two cases: (a) when the renewable energy sources supply only the electricity demand
of the community, and (b) when these sources provide the electricity as well as the heating needs
(for space heating and hot water) of the community. The results show that such a community can be
decarbonized with combinations of wind and solar installations. The energy storage requirements
are between 2.7 m3 per household and 2.2 m3 per household. There is significant dissipation in the
storage—regeneration processes—close to 30% of the current annual electricity demand. The entire
decarbonization (electricity and heat) of this community will result in approximately 87,500 tons of
CO, emissions avoidance.

Keywords: residential community; microgrid; hydrogen storage; dissipation; energy storage; wind
energy; irradiance; duck curve

1. Introduction

Since the beginning of the Industrial Revolution, the mechanization of industry with
thermal engines, the generation of electric power in thermal power plants, and the com-
bustion of coal and hydrocarbons produced tremendous amounts of carbon dioxide (CO5).
This practice has caused an increase in the atmospheric concentration of CO, from 280 ppm
to more than 415 ppm in 2022. The increase—and to a lesser extent the release of other
greenhouse gases—is the cause of Global Climate Change (GCC), which is the most sig-
nificant environmental concern of the 21st century [1]. It becomes increasingly apparent
that a significant reduction of CO, emissions is necessary to avoid major environmental
disasters. However—and despite several U.N.-sponsored conferences, including the Paris
conference and agreement of 2015—the combustion of coal (the most potent source of
CO, emissions) has increased by 2% annually in non-OECD countries [2,3]. There is a
commensurate increase in global CO, emissions, which increased by 1.7% annually [4,5]
before the pandemic and, despite lofty goals and promises by several nations, do not show
any signs of abatement in the post-pandemic era [6]. A recent IEA report [7] bemoans that
“most pledges are not yet underpinned by near-term policies and measures” .

The electric power generation sector is the most significant contributor of CO, emis-
sions globally and accounts for approximately 43% of the emissions of this gas, with
transportation being the second contributor. Since electricity-generation emissions primar-
ily occur in very large and stationary sources, it is rational and realistic for policy makers
to first tackle the thermal power plants for any directives and regulations applied to the
national and global reduction of CO, emissions. To keep global temperature increase to
less than 2 °C, the Intergovernmental Panel on Climate Change (IPCC) recommended in
2014 that the CO; emissions from electric power plants be reduced by 90% or more from
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their 2010 levels over the period of 2040-2070 [8]. The same panel recently adopted a more
stringent goal for a temperature raise of 1.5 °C [9]. This is very close to the already observed
average global temperature rise of 1.1 °C [10]. While these goals may appear to be lofty,
their adoption—even partial adoption—globally will profoundly transform the electricity
generation sectors in several nations by transitioning the electricity generation from fossil
fuels to renewable energy sources (RES).

Renewable energy sources are primarily wind and solar energy, which are the most
common and most abundant RES on a global scale. Adherence to the IPCC recommen-
dations will result in wind turbines and photovoltaic (PV) cells generating most of the
electricity for the increasing population of the planet, which is expected to reach 10 billion
in 2040 [9]. While it is noted that a few smaller countries have significant hydroelec-
tric resources (e.g., Norway, Nepal) and geothermal resources (e.g., El Salvador, Iceland,
Nicaragua) that may supply a high fraction of their electric power demand, the vast majority
of nations will have to rely primarily on the wind and the sun.

The transition from electricity generation to wind and solar energy entails a significant
problem: solar power is periodically variable, and wind is intermittent, while the demand
for electric power is not related to the availability of these two RES. Actually, the demand
follows fairly well-known seasonal and diurnal patterns. This raises a question for the
consumers: How does my air-conditioning (or my lights or my television) operate on the
calm (no wind) evening (no sun) of 17 July? While currently the electric power demand
fluctuations are met by bringing in line gas-turbines that quickly generate dispatchable
electric power, in a future world that primarily relies on solar and wind power there will
be supply—demand mismatch, which may only be met by significant energy storage. The
utilization of significant energy storage systems becomes an indispensable technological
component in a future where RES supplies a high fraction of electricity [11-13]. A second,
equally compelling reason for the adoption of large-scale energy storage is the high level
of PV power generation that exceeds demand during the early morning hours. This
phenomenon was popularly named the “duck curve” for solar energy systems [14,15].
Similar demand—-supply mismatches occur with wind power during windy time periods in
the Spring and Autumn and accentuate the importance of energy storage [16,17].

Since solar and wind power are very diffuse forms of RES, it becomes apparent that
the transition to renewables will not occur with the currently operating high-power thermal
power plants (several coal units have ratings higher than 1000 MW and combined cycle gas
turbines have reached 200 MW), but rather will require smaller and dispersed units that
would locally supply communities. Significant energy storage will also be required in all
transitions to RES cases. A few analytical studies on such microgrid systems have appeared
for island communities in several locations, such as the archipelago of the Philippines,
where the population is high and the electricity demand is significant [18,19]; islands off
the coast of Ecuador, where the irradiance is high [20]; as well as islands in the North
Sea (Samso and Orkney) where the irradiance is low, but wind energy is abundant [21].
A few studies have also appeared for the transition of electricity to RES in individual
land-based districts of suburban communities, where retrofitting and optimization become
key issues [22,23]; as well as for remote rural areas where it is not economically viable to
reach them through national grids [24,25]. Similar analytical studies have also been done
for the transition of national electricity grids in very large nations/states, such as Italy [26]
and Texas [27]. Given the disperse nature of RES, in the latter cases the systems must be
distributed in many areas, that is, they should be community- or district-based systems.

This paper presents a realistic scenario for the transformation of a medium-size resi-
dential community of houses in North Texas to zero CO, emissions by supplying all the
power demanded by the consumers with solar and wind power. The study goes a step
further and analyzes the supply of renewably-generated heat for hot water and space
heating during the colder days of the year. A salient characteristic of this community, which
is typical of similar communities in the Southern USA and other communities globally, is
that it utilizes air-conditioning during the summer months—a power-hungry system based
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on refrigeration cycles. The widespread use of air-conditioning significantly increases
the electric power demand during the hot summer days and exacerbates the need for
significant energy storage. Calculations are performed for the hourly energy demand and
supply of a residential community of 10,000 houses to determine the needed rated (plate)
capacity for solar and wind electricity generation units in a zero-emissions regime, the
necessary energy storage capacity, and the energy dissipation associated with the energy
storage-and-recovery processes. One of the salient features of this article is the inclusion of
renewable heating by substituting the existing natural gas furnaces with heat pumps. The
annual CO; avoidance is also calculated and reported.

2. Electric Power Demand and Supply

The community under consideration consists of 10,000 houses and is located near the
Dallas—Fort Worth (DFW) metroplex, an area rich in both solar and wind resources. At a
latitude of 31.54 degrees, the average insolation in the area is 198 W/m?. Excellent wind
resources with average wind velocities of 12 m/s exist within a radius of 150 km from
this urban area. However, the electricity demand of the homes in this area is significant,
especially during the summer. Figure 1 shows the simulated electric power demand of
these homes during two days of the year, in January and July. The effect of air-conditioning
on the power demand during the summer days is apparent in this Figure.

—e—January —e—July

M

E 8 12 16 20 24
Hour of the Day

Figure 1. Typical electric power demand of the community during days in January and July.

It is axiomatic that the electric power demand of the simulated community must be
matched by the supply, which is derived from photovoltaic (PV) systems and wind turbines.
Since the two RES are not dispatchable, energy storage systems are also needed to supply
the community during the hours of low electric power generation. The schematic diagram
of the proposed electric power system is shown in Figure 2, where the arrows denote the
flow of electric power. Electricity is generated by an array of wind turbines and several solar
farms with PV cells. Given the generated noise, the wind turbines may not be located very
close to the community, but rather within a radius of 150 km. The performance of the PV
systems is enhanced by maximum power point trackers (MPPT) and controllers ensure the
optimum generation of solar power. Since the homes use alternating current (ac), voltage
inverters convert the direct current (dc) generated in the PV cells—as well as in the fuel
cells —to alternating current (ac). The instantaneously generated electric power is fed to the
buildings to supply all or part of the hourly demand. When the generated power is higher
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than the demand, electrolytic systems utilize the excess energy and generate hydrogen,
which is stored in hydrogen tanks for future use. When demand exceeds the supply, the
deficit is provided by the stored hydrogen in fuel cells (direct energy conversion).
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Figure 2. Schematic diagram of the housing community. Solar and wind energy with hydrogen
energy storage meet the electric power demand.

Regarding the energy storage system, the suitable utility-level storage systems are:
(a) pumped-hydro systems, PHS; (b) compressed air energy systems, CAES; (c) hydrogen
storage; and, possibly, (d) large battery systems. The geographical area under consideration
(North Texas) does not have the features for PHS (mountains and nearby valleys for water
reservoirs) and CAES (large underground caves). In addition, the required energy storage
is seasonal (e.g., from winter to spring to summer), as it will become apparent in the
results section, and this excludes battery storage because of their internal current drift
that dissipates power at long storage timescales [13,28,29]. This leaves hydrogen as the
only viable energy storage alternative. In the calculations that follow, hydrogen is stored
at 50 MPa and ambient temperature. Given that there are in-the-market hydrogen-based
vehicles that operate with tanks in the range of 30-70 MPa, the technology for such tanks
is current.

It must be noted that the community will not utilize a single such system in a cen-
tralized location. Since wind and solar energy are highly diffuse energy sources, several
(smaller) such systems will be built inside or in the proximity of the community to optimize
energy generation and use and to ensure supply-demand equilibrium.

3. Governing Equations

In an entirely decarbonized community with wind and solar as the primary energy
sources and hydrogen storage, when the energy sources (wind and solar) systems generate
more power than the immediate demand, all the excess electricity is converted to hydrogen,
which is pressurized and stored locally in tanks. When the consumer demand for power
exceeds the supply, the stored hydrogen is converted in fuel cells to make up for the deficit.
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Of course, the storage—regeneration process for electricity entails dissipation (net energy
loss). The energy dissipation of the storage-regeneration process is calculated using the
system’s component efficiencies.

More than 33,600 MW of wind power units are currently installed in the entire State
of Texas. The accumulated experience with wind turbines in the State is significant and
sufficient data are available to calculate the hourly wind-generated electricity in the North
Texas region, where this community is located. For the computations of this study, the
hourly electric energy generation by wind turbines in the region, per MW installed, was
used [30]. The generated power from the wind turbines was determined by pro-rating
the wind turbine ratings assigned to the community using the available data for the ratio:
MWh generated in a given hour to MW installed capacity.

The energy generation by the PV cells during a certain hour of the year, i, is determined
by the expression:

E; = ALyt 1)

where E;; represents the energy generated by the solar cells during the hour, i; I; is the total
solar irradiance in the region (direct and diffuse); A is the area of the PV systems in the
community; #7; is the efficiency of the PV cells during the ith hour; and ¢ is the timescale,
which is 1 h (3600 s) for the calculations of this study. The irradiance data are obtained from
the database of NREL [31].

It is well-known that the efficiency of the PV cells decreases at higher-than-normal
ambient temperatures. For this reason, a closure equation for the efficiency of the PV
system, #1;, was used, as follows:

nti = 125(1 —ksc(T; = 25)], T; > 25°C 2)

where 755 is the PV cell’s efficiency at 25 °C, kgc is the temperature sensitivity coefficient
for the PV cells (supplied by the manufacturer), and T; is the ambient temperature in °C.
For the calculations that follow, the value ksc = 0.002 for the sensitivity coefficient was
chosen [32].

With the two primary energy sources, the hourly energy demand of the community of
buildings, Ep;, must be met either by the hourly energy generation of the solar and wind
units or by the hydrogen storage system. During the hour, i, if the supply is higher than the
demand, the excess energy, E,y is directed to the electrolysis systems to generate hydrogen,
which is added to the hydrogen tanks. If the electricity demand of the community is higher
than the RES generated energy, the fuel cells will use part of the stored hydrogen to supply
the deficit, Ej.f. Therefore, at the end of the ith hour of the year and the beginning of the
(i + 1)th hour, the energy storage level, S, is calculated by one of the following expressions:

S(i+1) = Si+ Eex x 1o, if Esi > Ep;

Eger . 3
S(i+1) = Si — ’;j‘f +if Bsi < Epi ¥

In the last equation, 7, is the efficiency of the electrolytic components and 7y is the
efficiency of the fuel cells for the generation of electricity. It is apparent that the processes
of energy storage and recovery entail energy dissipation. This and the round-trip efficiency
of the storage—generation system depend on the efficiencies of the electrolysis systems and
the fuel cells. In the calculations that follow, the values of these two efficiencies also include
all the other (and lesser) losses pertaining to inverters and any transformers that may be
used. Thus, the round-trip efficiency of the storage-regeneration process is equal to the
product 77¢7.

For the reliability of the electricity supply system, it was stipulated that, at all 8760 h
of the year, the storage system should contain a sufficient quantity of hydrogen to supply
the entire microgrid for at least 10 days (240 h). Thus, if there is a system malfunction,
a local problem, or severe weather events (e.g., a tornado or a severe winter freeze) that
abruptly cut or significantly reduce the renewable energy generated, the management of
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the electricity supply system will have sufficient time to respond. Thus, the stored energy
does not reach zero at any hour during the year.

The following double iteration process is used to solve the system of governing
equations and energy storage constraint [33-35]:

1.  Aninstalled wind capacity for the community (in MW) is prescribed.

2. Aninitial hydrogen quantity for the storage system on the first hour of the year, S(1),
is assumed.

3. The total area of the PV system is also assumed.

During a given hour of the year, the solar- and wind-generated energy is computed.

5. From the total energy generated and the demand, the hourly energy surplus or deficit
is calculated at every one of the 8760 h of the year.

6.  The total quantities of stored energy and associated mass of hydrogen are also calcu-
lated at all hours.

7. The stored energy at the end of the year, S(8760), is calculated and compared to 5(1),
at the beginning of the year. If S(1) > 5(8760), more energy needs to be generated.
Hence, the PV area is increased and steps 4-6 are repeated. If S(1) < ES8760, the PV
area is decreased and steps 46 are repeated until S(1) = 5(8760). This first iterative
process determines the correct value of the solar capacity (step 2), which supplements
the prescribed wind capacity of step 1.

8. The correct value for 5(1) in step 2 is determined by a second iteration, using the
constraint that, on the day of the minimum hydrogen storage, the energy storage
system must have enough hydrogen stored to satisfy the entire electricity demand of
the community for the next 10 days (240 h).

b

4. Results and Discussion

This paper presents the energy scenarios for the development of a decarbonized
community of 10,000 homes in the North-Central region of Texas. The community is
grid independent to ensure that the effects related to the “duck curve” do not hinder the
decarbonization process and power reliability. Two cases will be examined:

1.  The RES provide the community its electric power demand only.
2. The RES provide the electric power demand as well as the heat needed in the winter
months for domestic comfort and hot water. Heat is provided by heat pumps.

4.1. Electricity Supply Only

This is called “case A” and Figure 3 shows the necessary wind and solar power ratings
that would make this community grid independent and reliant on RES. Since there are
two energy sources, a suitable combination of the two will be used for this purpose. It is
observed in the Figure that the addition of approximately 43 MW of wind power alone, or
of 92 MW of PV power alone, or a combination of the two sources, as shown in the Figure,
will ensure the continuous supply of the electric power needs in the community by the
available RES.

The exact combination of wind and solar units will very likely be determined by cost
considerations, which will include the additional renewable capacity as well as the annual
energy dissipation and the necessary storage infrastructure. Figure 4 depicts the annual
energy dissipation due to the storage-regeneration process in MWh (left axis) and the
necessary energy storage in m® of hydrogen (right axis). It must be noted that the stored
chemical energy in 1 m3 of H, at ambient temperature and 50 MPa is approximately equal
t0 3.6 x 10° J (1 MWh).

It is observed in Figure 4 that the annual energy dissipation has a minimum of ap-
proximately 27,500 MWh (26.7% of the annual electricity demand by the community). In
this case, the minimum occurs at approximately 22 MW of additional wind power. At
this point, the needed PV power would be approximately 36 MW (from Figure 3) with the
power combination for the complete electricity decarbonization being 22 MW wind and
36 MW solar. The computations also showed the needed hourly energy storage, in MWh,
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which is needed for this system to become a reality. Based on the maximum energy storage
in the system, which in this case occurs in the middle of June, and the Gibbs free energy
for the direct conversion of hydrogen to electricity (237,000,000 k] /kmol), the maximum
mass of hydrogen in the storage system was calculated. Since the density of hydrogen at
the storage conditions (50 MPa, 310 K) is 30.662 m3/ kg, [36] the required volume for the
hydrogen storage was calculated to be 27,300 m® of H, or approximately 2.73 m3 for each
home in the community.

0 10,000 20,000 30,000 40,000 50,000
Wind Rating, kW

Figure 3. The combination of wind and solar installations power ratings.

40,000

30,000
\‘-—a/ mE
20,000 e
3
—e—Dissipation H2 Volume >°
10,000 T

0

10,000 20,000 30,000 40,000 50,000
Wind Rating, kW

Figure 4. Annual energy dissipation and volume of hydrogen storage needed for the storage—
regeneration process.

4.2. Electricity and Heat Supply

The second part of the calculations is the substitution of the natural gas, which is
locally produced and supplies all the heating needs in the North Texas region, with heat
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PV Rating, kW

pumps operating with renewable electricity. For this reason, the hourly heating demand
of the 10,000 homes was simulated from the statistical analysis of the demand for gas of
20 homes that span all the home sizes in the Fort Worth area. The heating demand was
converted to electric energy demand and the new electricity demand was added to the
current hourly electricity demand. This is called “case B” and the average value 4.5 was
used for the COP of the heat pumps, a value commensurate with the current technology [37].
Figure 5 shows the combination of the solar and wind power that would enable both the
electric and heating demand to be supplied by the available RES. A comparison of this
Figure with Figure 3 shows that more renewable power is needed in this case: the addition
of approximately 60.5 MW of wind power alone, or of 145.5 MW of PV power alone, or a
combination of the two sources as shown in Figure 5 will ensure the continuous and reliable
supply of the electric power and heating needs in the community by the available RES.

160,000
140,000
120,000
100,000
80,000
60,000
40,000
20,000

0
0 10,000 20,000 30,000 40,000 50,000 60,000
Wind Rating, kW

Figure 5. The combination of wind and solar installation power ratings to supply both electricity
and heat.

Figure 6 is the equivalent of Figure 4 and shows the annual energy dissipation and
the needed hydrogen storage. Again, a minimum energy dissipation is observed. The
minimum annual dissipation is 30,050 MWh and corresponds to 18.2% of the total electricity
demand (this includes heat pumps) or 29.8% of the electricity demand excluding the heat
pumps. The minimum occurs at approximately 50 MW installed wind power. In this case,
the PV power that would be required is approximately 22 MW. The significantly higher
wind power requirement is due to the fact that a great deal of power is needed for heating
(both space heating and hot water) during the winter months, when the wind velocity is
higher and the wind power significant.

A comparison of Figures 4 and 6 shows that the dissipation in this case is approximately
12% higher in case B than in case A. However, the required hydrogen energy storage at the
minimum dissipation is approximately 17% less in case B. This is due to the fact that wind
generates a much higher fraction of the energy in case B and wind turbines in this region
have significantly higher power operating factors (POFs) than solar PV installations (36.4%
and 18.5%, respectively). The higher POF of the wind turbines ensures a lower energy
storage requirement.

Figure 7 shows the hourly energy storage in the system for the entire year (8760 h).
It is observed in this Figure that the minimum in case B occurs in the middle of February,
when the temperatures start increasing and not a great deal of heating is required, and
that a second local minimum occurs in early October, when the air-conditioning demand
dissipates. A single minimum appears in case A, again in early October, when little
air-conditioning is needed.
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Figure 6. Annual energy dissipation and volume of hydrogen storage needed for the storage—
regeneration process.
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Figure 7. Hourly hydrogen energy storage needed in the two cases examined. Hour 1 corresponds to
the first hour of the year (midnight to 1 a.m. on 1 January).

4.3. Carbon Dioxide Avoidance

It is of interest to calculate the CO, avoidance pertaining to the transition of this com-
munity from fossil fuels to renewable energy. Case A entails an annual total of 103,523 MWh
of electricity (the annual electricity demand of the 10,000 homes). With the current primary
energy mix for the local generation of electricity, the average CO, emissions per MWh are
328.6 kg CO,/MWh [38], and this implies that the CO, annual avoidance for case A is
approximately 34,021 tons of CO,—a rather significant quantity.

For case B, the total annual heating demand of the community is 998 x 10® MJ, and
this is currently provided by the combustion of natural gas. The local natural gas emits, on
average, 53.2 kg of CO, per 10° Btu [39] (53.5 kg of CO, per 10° J). Therefore, the transition
to heat pumps will result in the avoidance of an additional 53,393 tons of CO, annually.
All in all, transitioning the electricity and heating supply for this community will result
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in 87,414 tons of CO, avoidance annually. It must be noted that such grid-independent
communities powered only by RES are not in existence. For this reason, it is impossible
to provide a verification of the obtained results based on actual measurements. Since the
computational results have been derived using actual demand data and realistic efficiencies
of state-of-the-art technology, it is believed that the uncertainty of the results is within
£15%.

5. Conclusions

The transition of residential communities in North Texas from fossil fuels to renewable
energy will be achieved with the development of combinations of wind turbines and PV
systems. In addition, significant energy storage is required, which is primarily used for
air-conditioning during the hot summer season. Calculations were performed for the
transition of a residential community of 10,000 homes. The hourly demand of (a) electricity
and (b) electricity plus heating of the community is supplied by wind and solar energy.
Hydrogen is used as the energy storage medium. Matching the hourly energy demand and
supply shows that significant energy storage is required—2.7 m? per household for case
A and 2.2 m? per household for case B. The storage-regeneration processes also result in
significant dissipation, which is close to 30% of the currently annual electricity demand of
the houses. The entire decarbonization (electricity and heat) of this community will result
in 87,414 tons of CO, emissions avoidance.
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