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Abstract: A conventional ground-coupled heat pump (GCHP) can be used to supplement heat
rejection or extraction, creating a hybrid system that is cost-effective for certainly unbalanced climes.
This research explores the possibility for a hybrid GCHP to use excess heat from a combined heat
power (CHP) unit of natural gas in a heating-dominated environment for smart cities. A design for
a multi-family residential building is considered, with a CHP sized to meet the average electrical
load of the building. The constant electric output of the CHP is used directly, stored for later use in a
battery, or sold back to the grid. Part of the thermal output provides the building with hot water,
and the rest is channeled into the GCHP borehole array to support the building’s large heating needs.
Consumption and weather data are used to predict hourly loads over a year for a specific multi-family
residence. Simulations of the energies exchanged between system components are performed, and a
cost model is minimized over CHP size, battery storage capacity, number of boreholes, and depth of
the borehole. Results indicate a greater cost advantage for the design in a severely heated (Canada)
climate than in a moderately imbalanced (Ohio) climate.

Keywords: combined heat and power; smart cities; energy efficient; ground-coupled heat pump;
storage capacity; multi-family residence

1. Introduction

Multi-family housing energy consumption represents a significant fraction of the total residential
energy consumption in the US, about 33% of the population resides in about 500,000 multifamily
buildings. The overall utilization of domestic resources for this division of structures is reported
at nearly 15 percent [1]. In addition, these buildings have been shown to be significantly less
efficient than owner-occupied homes or rented single-family homes. A recent study documents that
rental multi-family residences have energy intensities that are 37% higher than for owner-occupied
multi-family units (i.e., condos or co-ops), 41% higher than for renter-occupied single family detached
units, and 76% higher than in owner-occupied single family detached units [2]. Greater energy
utilization can occur for multiple reasons. The primary reason is that occupants who pay rent with
incorporated power expenses have no incentive to preserve resources. Generally, renters will be
more motivated to manage their energy expenses if they are responsible for paying their own utilities
themselves [3]. Furthermore, owners of the rental properties do not participate in advances to provide
more effective energy improvements, especially if renters are responsible for these utilities, as they
would not reap the benefits of these savings.
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According to the American Council for Energy-Efficient Economy, there is immediate potential to
improve energy efficiency of multi-family buildings in the US by 30%, thereby significantly reducing
CO2 emissions and saving an estimated total of 3.443 billion USD in energy costs yearly [4]. Informative
curriculums are available for landlord/owners about making improvements to their energy systems
and incentives are often offered to motivate these initiatives of lower energy costs [5]. In the U.S.,
residential multi-family building sector is the least energy-efficient in the country. Borehole storage of
solar thermal energy could be a cost-effective way to save both energy and carbon. The study proposed
that for both retrofit and new construction for a multi-family residence in the Midwestern United
States, where the climate is moderately cold with very warm summers, a district solar borehole thermal
solar energy storage (BTES) system. The study claims that an optimal system could achieve an internal
return rate (IRR) of 11% while reducing apartment-wide energy and CO2 consumption by 46% [6].

1.1. Combined Heat and Power

To help reduce the production of greenhouse gases and increase the proficiency of energy resources,
the combined heat and power (CHP) systems would be a potential prospect for multi-family structures.
These are commonly combustion turbine or reciprocating engine units, located on-site, which turn
a generator and have heat recovery systems. CHP’s can provide an almost uninterrupted source of
electricity and heat, and they have been shown to enhance productivity and decrease the release of
carbon dioxide [7]. Unused thermal resources are a result of electricity produced with outdated power
sources. CHP devices are also more efficient because they are located close to where both thermal
and electrical energy is needed, negating transmission losses. In 2011, natural gas supplied in the
electrical power sector of the United States accounted for 7.9% of produced electrical energy, and there
were 43GW of CHP capacity [8]. A new power and heat generation system is proposed to better
exploit the heat content of flue gases from CHP (combined heating and power) systems using sulfur
compounds. Due to the reduced final temperature of the exhaust gases (from 140 ◦C to 50 ◦C), it is
possible to recover a higher amount of heat in the flue gas and remove most of the sulfur emissions to
the environment. The study results of the entire system show that the novel system is making better
use of the flue gases. The total efficiencies of thermal (first law efficiency) and exergy (second law
efficiency) are equal to 82.7% and 28.8%, respectively [9].

In the US, most of the CHP power is used by large industries, although there is potential for
growth of small-scale systems to power individual buildings such as hotels, universities, apartments,
condos, and alternate structures where there is balanced energy requirement between year round water
heating and electricity, a perfect condition for deploying CHPs. To encourage more favorability of CHP
technology and to engage federal and state guidelines in the US, more studies and advancements on
the presentation of CHP systems are essential, and furthermore, offering tax motivations along with a
suitable monitoring environment could encourage further ventures for domestic locales [10]. To remit
the produced electrical power that supplies efficient and heated energy, a scientific model is established
for employing the CHP system [11]. Lowering energy rates and enhancing the transmitted power is
how this design functions. In comparison to merely utilizing traditional grid power, the findings of
this model display an overall yearly rate reduction of 23% and decreases greenhouse gases by 32%.
The model also proposes the best possible CHP size with complex limitations such as energy costs,
electrical power, taxes, and unnecessary electricity from the CHP retailed back to the network [12].

For application to multi-family residential buildings, the thermal energy output from a CHP can
be used for heating, providing hot-water, or cooling the building if it is used in conjunction with an
absorption refrigeration unit. However, in cold climates, the thermal power requirements (heating plus
hot water) can dominate electricity demand. This work explores the possibility of integrating a CHP
with a ground-coupled heat pump (GCHP) for a multifamily residence. The GCHP serves to meet a
large part of the heating and cooling demand, while the CHP supplies electrical energy and heat for
hot water. In this hybrid system, excess thermal energy from the CHP can be passed to the GCHP
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for earth storage. This energy can then be extracted during winter months to address the increased
heating loads in the winter.

1.2. Geothermal Vertical Heat Exchanger

The ground-coupling heat pump (GCHP) systems are becoming attractive air conditioning systems
in some regions. The disadvantage is its high initial cost. On the annual basis this GCHP system
repels more energy into the ground than the energy extracted from the ground for cooling-dominated
buildings. This imbalance can cause system performance to degrade. The study results show that
proper HGCHP (hybrid ground-coupled heat pump) systems can effectively reduce both the initial and
operating costs [13]. Space heating and cooling can be improved with more proficiency with GCHP
systems by utilizing the earth as a heat supply. The earth provides temperatures for cooling that are
lower than the ambient air temperatures in summer, and temperatures for heating that are higher
than the ambient air temperatures in winter. A large number of GCHP systems have been used in
residential and commercial buildings due to their higher efficiency and lower environmental impact [14].
The SGSHPS (solar-ground source heat pump system) worked in various modes of dual heat source
coupling and its thermal performance was tested experimentally. The study shows that the collector
area and ground heat exchanger (GHE) number have obvious effect on the efficiency of the device,
but the impact of the volume of the water tank is very limited. The average coefficient of performance
(COP) unit and collection performance for ground intermittent and continuous heat storage mode are
3.65% and 47.9%, 3.8% and 41.5%, respectively. The evaporator‘s inlet water temperature in GSHP’s
daytime stop mode is 1.85 C higher than GSHP‘s daytime operating mode, and the average unit COP
is 3.43% and 34.8% [15].

One of the most significant ground properties is its undisturbed temperature. For heating
applications, a higher ground temperature leads to a more efficient system, and for cooling applications
a lower ground temperature is better. However, a range of temperatures is useful for both applications
throughout the year. Over many years, it is possible for the ground temperature in a borehole field to
gradually increase or decrease, depending on which load (cooling or heating) is greater on average.
This gradual temperature change can degrade the performance of the system.

In GCHP systems with a large imbalance between the heating and cooling loads, it is possible to
add other components that can extract or reject heat to the ground, to offset the imbalance. For example,
if cooling is the dominant load, then the ground temperature could rise over time, which would
degrade the cooling performance of the system. To offset this imbalance, it is necessary to extract excess
heat from the ground, which could be achieved with a cooling tower or a solar collector array that
circulates the medium fluid and radiates heat to the atmosphere [16]. If the heating load is dominant,
it is possible to pass supplemental heat to the ground from a heat source. Systems that have such
additional heat rejection or extraction components are known as hybrid GCHP systems. The advantage
of a hybrid arrangement is that it serves to reduce the GCHP size and cost in heating or cooling
dominated climates [16].

In this research, a hybrid GCHP system that uses supplemental heat from a CHP is considered for
a heating-dominated application. The electrical output from the CHP is applied towards the building
electrical load, and the CHP thermal output satisfies hot-water demand. Excess thermal energy beyond
that required for water heating will be passed into a vertical borehole heat exchanger in order to
balance the annual GCHP thermal loads. Furthermore, excess electrical generation is stored in batteries
for later use or is sold back to the grid. Grid power is used as necessary for the electrical load during
times of high demand.

This system has the potential to lower cost in several ways: by reducing grid power purchases,
by improving heating and cooling efficiency with a GCHP, and by reducing the necessary size of the
GCHP system as a result of using excess CHP heat to balance annual ground storage thermal loads.
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1.3. Objectives

Achievability will be validated for a multi-family residential building in a heating-dominated
climate by researching a hybrid GCHP system with supplemental CHP heat. A model is developed
for each system component, as well as an algorithm to determine hourly energy transfers between
components (thermal or electric). Three component sizes (GCHP borehole length, CHP rated output,
and battery capacity) are adjusted to minimize the system’s annual cost, under the constraints of zero
annual net grid purchases and balancing of the thermal loads to the ground. Two different climates are
examined for the optimized system: one that is slightly dominated by heating (Ohio) and one that is
severely dominated by heating (Canada). Ohio’s climate is humid continental climate comes under
Dfb and Canada comes under Dfc on Koppen climate classification [17].

2. Methodology

Figure 1 provides a hybrid system schematic as an integral part of a multi-family residence. For the
sake of getting the CHP’s greatest advantages, continuous operation is assumed. The dispatching
of electrical output from CHP is prioritized to meet building demands directly. For later use by the
building, any excess power generated is first dispatched to the battery, and if the battery is fully
charged, the excess power is sold back to the utility grid. Similarly, CHP thermal energy is given
priority in meeting the demand for hot water. Any remaining thermal energy is transmitted through a
heat exchanger labeled HX to the vertical boreholes. The geothermal heat pump (HP) is used to extract
or discharge heat from the boreholes to heat or cool the building.
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Figure 1. Energy flow diagram of multifamily combined heat power (CHP) and geothermal vertical
heat exchange system design.

2.1. Load Profile Estimation

There are two weather conditions for deliberation analysis (Columbus, Ohio in the US,
and Winnipeg in Canada), so this collective system can be evaluated for potential implementation
from both cost and carbon viewpoints in heating-controlled environments. The Columbus site
consisted of 120 all-electric apartments of different sizes, built-in 2008 to minimum lighting, appliances,
and heating, ventilating and air conditioning (HVAC) efficiency codes. Previously, baseline energy use
was established for this complex, including estimation of the hourly aggregate energy use for heating,
cooling, water heating, and all other appliances and devices [5].



Sustainability 2020, 12, 7772 5 of 16

The disaggregated energy consumption components are illustrated hourly in Figure 2 over the
course of a whole year. Figure 2a shows the baseline, weather-independent electrical demand associated
with appliances and lighting, and Figure 2b shows hourly hot-water demand. Figure 2c shows the
hourly heating and cooling loads.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 19 
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Figure 2. Aggregate hourly building loads (a) electrical, (b) hot-water, (c) heating/cooling for Ohio,
and (d) heating/cooling for Winnipeg.

Heating and cooling demand data for Winnipeg are constructed from the Ohio heating and
cooling demand data by scaling the Ohio data by the ratio of the degree-day values (Canada to Ohio).
The result of this is shown in Figure 2d, where the heating and cooling loads are, respectively, less than
the Ohio data [18].

2.2. Power Dispatching

As shown in Figure 1, the electrical side of the system requires a dispatching algorithm,
which allocates electrical power to CHP, decides when to discharge the battery or use grid power,
and decides when to sell back additional energy to the network. At all times, the dispatching is
governed by the level of residential electrical load and battery storage charge. If the electrical load
of the building exceeds the electrical output of the CHP, all of the electrical power of the CHP is
dispatched to the building and the battery satisfies the rest, if possible. Grid power is used when the
load cannot be met by the CHP and battery. If the CHP electrical output exceeds the load, then if the
battery is fully charged, the excess CHP power is stored in the battery or is sold back to the grid.

The input energy from natural gas to the CHP per hour is denoted by S (kJ/h) and is considered
constant for continuous operation. This input energy is divided into an electrical component SE = ηES
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and a thermal component SH = ηHS, where efficiencies ηE and ηH are the fractions of the input energy
converted into electricity and heat, respectively. For each hour k, the electrical energy output from the
CHP, SE, is dispatched to: support the building load, E2(k), charge the battery, E1(k), or be sold back to
the grid, E4(k). This dispatching action requires that:

SE = E1(k) + E2(k) + E4(k) (1)

The electrical load for the apartment complex must be satisfied at each hour, from the electrical
energy coming from the CHP, E2(k), from energy dispatched from the battery, E3(k), or, if these
collectively are insufficient, from energy supplied by the grid, EG(k).

LE(k) = E3(k) + E2(k) + EG(k), (2)

The battery charge level is B(k) is updated each hour according to:

B(k) = B(k− 1) + E1(k) − E3(k). (3)

Lastly, the battery storage is characterized by three parameters: a maximum storage capacity Bmax,
a minimum storage capacity BL, and the number of hours h required to charge or discharge the battery.
Therefore, a boundary exists on the hourly energy transfers to and from the battery, according to:

E3(k) ≤
Bmax − BL

h
(4)

E3(k) ≤
Bmax − BL

h
(5)

In addition, it is not permitted for the battery to charge and discharge simultaneously, and it is
assumed to be 100% efficient. The dispatching is based on (1) and a few simple rules at each hour.
If the building load exceeds the CHP output, all the electrical output from the CHP will be dispatched
to the building and the battery will satisfy as much of the remaining load as possible. Grid power is
used when the former is not enough to supply the load. If CHP electrical output exceeds the load, then
the battery will store as much of the excess CHP power as possible. Any remaining electricity is sold
back to the grid. Figures 3–5 shows how this dispatching algorithm functions. Figure 3 shows how the
electrical power output of the CHP is distributed either to the load, battery, or grid, as per (1). The
battery charging level is illustrated in Figure 4, along with the power flows to and from the battery.
Finally, Figure 5 illustrates the flow of hourly energy into the charge as per (2). Grid power is only
used when the battery is at its minimum charge level, such as at 1300 h.
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The CHP thermal output SH(k) is assumed to be always greater than the hot-water load, LHW(k).
The remaining thermal energy from the CHP is transferred into the geothermal field through the
ground loop heat exchanger, Qgeo(k). Thus,

Qgeo(k) = SH(k) − LHW(k) (6)

The ground loop heat exchanger is assumed to have a constant effectiveness, such that the same
percentage of Qgeo is transferred into the boreholes each hour.

2.3. Borehole Length Calculation

There has been very little attention given to the effect of different parameter estimation results on
the design duration of a borehole heat exchanger. The thermal response was analyzed by using six
heat transfer models for the same collection of test data. The relative difference in thermal resistance of
the borehole reached 34.4%, and for soil thermal conductivity this value was 11.9%. Software-based
approaches have become more susceptible to the impact of parameter estimation for calculating the
design duration of the borehole [19].

The GCHP system consists of a rectangular array of uniformly spaced vertical boreholes with a
single u-tube in each borehole, each having the same depth. The model for this system treated the
array as a single vertical line source [20], using an alternative approach to the Eskilson’s g-function,
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a dimensionless temperature response factor that makes it possible to calculate the temperature change
at the borehole wall in response to a thermal step input. The modeling objective, implemented in
MATLAB, is to determine the optimum number of boreholes along each dimension of the array as well
as the optimal depth of the borehole. The earth volume occupied by the array must be large enough
to handle heat rejection from the CHP and cooling load and heat extraction due to the heating load.
In addition to the loads themselves, key modeling parameters include ground thermal conductivity,
combined thermal resistance of borehole piping, medium fluid and grout material, undisturbed ground
temperature, and medium fluid mass flow rate. There are two parts to GCHP modeling. First is an
optimization of the configuration and length of the borehole for the given heating and cooling loads,
as well as the additional heat of the CHP. The second part is a simulation of ground temperatures that
arise when using the optimized configuration of the borehole with the specified annual loads. The
simulation process of temperature covers the entire lifetime of the system, using a repetition of the
same annual load each year.

2.4. System Cost Model

This section presents the model for the total cost of the system. This model accounts for: the cost of
capital to the CHP, battery, and geothermal systems; the cost of natural gas (NG) needed to operate the
CHP; and the purchase and sell-back of net grid electric power. The system is conceived as a retrofit so
that the building already has central heating for hot water, which the CHP can supply. The capital costs
are treated as investments to be repaid through a fixed-interest loan. For typical weather conditions,
determining the NG requirements, electrical purchases, and sell-back requires the simulation of the
dispatching model to be run for a full year. Table 1 lists the variables needed to determine the costs for
the system.

Table 1. Variables used for calculating annual system cost.

Variable Description Variable Description

Tsys System lifetime (years) Tsys System lifetime (years)

I Loan interest rate I Loan interest rate

g NG energy
density(kWh/kBTU) g NG energy

density(kWh/kBTU)

CNG NG price (USD/m3) CNG NG price (USD/m3)

VNG
NG consumption

(kBTU/month) VNG
NG consumption

(kBTU/month)

Hmth Hours per month (h) Hmth Hours per month (h)

Ptran
Grid transmission price

(USD/kWh) Ptran
Grid transmission price

(USD/kWh)

Pgen
Grid generation price

(USD/kWh) Pgen
Grid generation price

(USD/kWh)

HE Heat exchanger capital
cost (USD) HE Heat exchanger capital

cost (USD)

The full system capital cost is determined by the four largest components of hardware: CHP,
batteries, boreholes, and heat exchanger for ground loops. The CHP capital cost is proportional to the
electric output rated, CHPcap. The capital cost of the battery is proportional to its Bcap storage capacity.
The capital cost of the geothermal borehole is calculated per-meter. A federal tax credit, TC, reduces
the amount of the loan for the whole system given as follows, using the variables defined in Table 1.

CCtot = (1− TC) ∗
(
CCCHP ∗CHPcap + CCbat ∗ Bcap + HE + CCghp ∗Dghp ∗Nghp

)
(7)
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The entire system is assumed to operate for a lifetime TSYS, and the loan amount is spread out
over this period of time, leading to the following annual loan payment [21].

Annual Loan Payment = CCtot ∗
I

1− 1
(1+I)TSYS

(8)

The NG flow rate into the CHP depends on its rated electrical capacity CHPcap and the conversion
efficiency, ηE. To obtain the monthly NG volume, this rate is multiplied by the number of hours per
month and divided by a factor g to convert kWh to cubic meters.

VNG =
CHPcap

ηE
×

Hmth
g

(9)

Using the cost per unit volume of CNG leads to the following monthly NG cost.

NG Cost = VNG ∗CNG (10)

The annual grid cost is found by running the dispatch model for each hour of the year and
summing all of the hourly grid energy purchases EG(k) and sell back E4(k) energies. The price for
grid energy purchases is a function of the load factor presented to the grid, which is affected by the
CHP operation [5]. This price is composed of a generation fee, Pgen, and a transmission fee, Ptran. The
power rate marketed in return to the grid is also a function of load factor, but sell-back is generally
only credited with the generation price. This means that the per-kWh price for grid purchased
electricity is higher than the per-kWh sell-back price. The total annual grid purchase and grid-sell
back values are computed, and the difference of the two is the net grid purchase cost, as shown in the
following equation.

Annual Net Grid Cost =
(
Pgen + Ptran

)
∗

∑
k

EG(k) − Pgen ∗
∑

k

E4(k) (11)

The total annual cost for supplying power to the building is the sum of the annual loan payment,
NG purchases, and net grid purchases. The annual NG and net grid costs are found by summing the
monthly costs generated using the simulation.

Total Annual Cost = Loan Payment + NG Cost + Net Grid Cost (12)

2.5. Optimization Process

The total annual cost of the system is viewed as a nonlinear objective function of the CHP rated
electrical output CHPcap and the battery storage capacity Bcap. Over these variables, the cost is
minimized. The geothermal component of the cost depends on the total length, which is a function of
the CHPcapto supply the boreholes according to the extra heat available from the CHP. The following
steps are required to assess the cost-objective function.

1. The input of the electrical output and storage capacity rated by CHP.
2. Calculate the CHP‘s annual excess thermal energy by subtracting the total hot-water load from

the CHP‘s total thermal energy.
3. Optimize the size, depth, and borehole spacing of the geothermal borehole array based on the

heating and cooling loads and excess thermal energy of CHP, as discussed in Section 2.3.
4. To predict annual NG purchases and net grid purchases, run the CHP electrical dispatching

model for one year according to the equations in Section 2.2
5. Evaluate the total system cost using Equations (7)–(12).
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The cost objective function is optimized using the “fmincon” command from MATLAB,
which implements quadratic sequential programming to find CHP capacity and battery capacity to
minimize the total cost. Furthermore, it is useful to view the cost as a function of CHP capacity while
holding battery capacity constant. One possible way to restrict the operation of the system is to set the
power sold back to the grid equal in value to the power purchased from the grid, so the net cost of
the grid is nil. This target is similar to those set by the US government for the energy consumption of
federal buildings in the near future [22].

3. Results

3.1. Minimum Cost with Net Zero Grid Constraint

For inclusive expense, Combinations of CHP graded electrical productivity CHPcap and battery
scope Bcap are examined. Figure 6 shows designs of this expense for both sites, Ohio and Winnipeg,
as opposed to CHP cap, for three different battery capabilities. In these designs, a price agreement is
specified between the mechanisms of the battery and CHP. With either a higher CHP (100 kW) and a
lower battery (350 kWh) or a higher battery (450 kWh) and a lower CHP (75 kW), the lowest possible
cost could be achieved. Although the Winnipeg location has a significantly elevated heating capacity,
remarkably, if the CHP is the equivalent size, both localities can acquire minimized costs. The CHP
sizing for both locations is presumed to be duplicated and established predominantly by the electrical
capacity, which is the main reason for this occurrence. When the increased heating capacity stimulates
the escalation of the borehole size, a vertical modification in the cost curve is initiated.
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Figure 6. Columbus and Winnipeg total annual costs as a function of CHP size, for three
battery capacities.

The results in Figure 6 are produced by no restrictions on the CHP and the battery sizes. If the
net-zero network buying limitation is in effect, the battery size successfully becomes the purpose of
CHP capability. Exclusively, Figures 7 and 8 show this outcome for Ohio and Winnipeg. In order to
minimize the definite transformation between annual grid acquisitions and sell-back, the upper scheme
in both figures shows the battery capacity as an essential CHP size purpose. Battery volume declines
as a CHP size purpose to sustain the net-zero limitation. When the size of CHP escalates, the costs also
escalate, as shown in each figure’s middle schemes. In each figure, the bottom scheme shows whether
or not the limitation is met. The possibility of coordinating the procurement and sell-back totals is
perceivable only for CHP sizes from about 80 kW to 100 kW. Under this range, the procurements
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are larger than the sell-back. However, the sell-back exceeds that range of procurements. For both
locations, the CHP size, which decreases costs and lends the limit, is about 80 kW. Exclusively, the total
minimum annual expenses for Ohio and Winnipeg are roughly 65,000 USD and 83,000 USD.
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same as annual grid sell-back.

3.2. Borehole Length and Temperature

Table 2 illustrates the parameters required to determine the length and temperature of the borehole
as a function of the heating load, cooling load, and CHP size. The table presents values for parameters
used at the Ohio site. The values used for the location in Winnipeg are the same with the exception of
the average earth temperature and thermal conductivity, respectively, 4C and 1.4 W/m.C. According to
the size of borehole, the range of design flow rate is sufficient to maintain the turbulent flow.

The length optimization process described in Section 2.3 is implemented for different CHP sizes
using these parameters and the heating and cooling loads for the two locations. The total cost of the
system depends on the optimum length of the borehole, which is a function of the heating and cooling
loads and the size of the CHP. It is, therefore, necessary to explore how the depth of the borehole
changes regarding the size of the CHP. A CHP size of about 65 kW produces the shortest borehole
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depth of 60 m for Ohio, and the shortest borehole depth of 100 m for Winnipeg is produced by a
CHP size of about 80 kW. The colder winter in Winnipeg causes that location to require a significantly
greater depth of the borehole than in Ohio. Performing the optimization described in Section 2.3 over a
20-year period on a stand-alone GCHP system, without additional CHP heat, yields the heat pump
entering fluid temperatures shown in Figure 9. There are two curves outlined: one for Ohio and one
for Winnipeg. A gradual decline in borehole temperature from year to year is evident because the
heating load at both locations is larger than the cooling load. Figure 9 shows a minimum designed
temperature constraint of 3.9 ◦C for Ohio and −4 ◦C for Winnipeg. The progressive decrease in Earth
temperature from year to year is evident. For Winnipeg, the imbalance is larger, leading to a greater
drop in temperature for that location over time. The temperature in the volume of ground storage has
not stabilized even after 20 years of operation. For Winnipeg, the temperature goes negative, so we
need antifreeze mixture in this case. The optimized borehole configuration for both locations was
10 × 10 boreholes, with a square pattern spacing of 7 m. The depths of the borehole considered on this
plot were 120 m and 210 m, respectively, for locations in Ohio and Winnipeg. The performance of
the geothermal heat pumps is based on performance data from major U.S. brand manufacturers as
of 2010. The coefficient of performance (COP) of heat pump is determined using a curve fit to two
variables: (1) the heat pump entering the temperature of the fluid and (2) the flow rate of the fluid
mass. The power consumption on the heat pump is determined by an energy balance. De-superheat
is also modeled on output data from the manufacturers. For the heat pump performance, a general
categorization is developed based on system efficiency (standard efficiency and high efficiency).

Table 2. Summary of design parameters for Ohio.

Variable Description Value Unit

Bore Radius Radius of each borehole 0.0635 M

Peak Duration Time for the maximum load 6 Hrs

Tg Average underground earth temperature 10.88 C

Kg Average ground thermal conductivity 1.731 W/m C

VHC Average ground volumetric heat capacity 2.34 MJ/m3 C
.

m Design flow Rate 0.1262–0.1893 LPS
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Figure 9. Heat pump entering fluid temperature variation for a stand-alone ground coupled heat
pump (GCHP).

The hybrid GCHP system can undertake a portion of this essential surplus energy to stabilize the
heating and cooling capacities because the CHP constantly produces additional thermal energy. Figure 9
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shows the temperature drifts adjustment when the loads are stabilized. The 80 kW CHP is sufficient to
stabilize the capacities from the 70% of the existing additional heat for the Ohio locality. Using the
same size, CHP will virtually stabilize the capacities at the Winnipeg site with 100 percent excess heat.
Figure 10 shows how the temperature outlines are produced when completing an expansion on the
CHP/GCHP hybrid system. The improved borehole arrangement used a square configuration was
10 × 10 boreholes with 7 m positioning for both sites. Appropriately, the best possible borehole depths,
60 m and 100 m, were established for both the Ohio and Winnipeg locations. Although 20 percent of
the surplus energy is dissipated, there is still sufficient additional energy to avoid drifting of the ground
temperature for the Ohio site over the lifetime of the system. For the Winnipeg locale, an insignificant
temperature drift has been detected, but all of the surplus CHP energy is being consumed.
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3.3. Reduction in Cost and CO2 Production

Bar graphs in Figures 11 and 12 demonstrate the monthly cost advantage of the CHP/geothermal
borehole system for Ohio and Winnipeg. Assuming all capacities are content with grid power,
each graph evaluates an original monthly energy rate to the hybrid system rate that is improved. The
life-cycle cost assessment assesses the value of the hybrid system as compared to using grid power for
all structure capacities. Annual reserves are projected for a 20-year lifespan. While allowing for an
annual energy inflation rate of 5%, Figure 12 shows the annual rate for traditional power is determined
by monthly cost calculation. Figure 12 also shows how totaling the monthly NG process plus adding
an inflation rate of 3% for NG expenses explains how the annual functioning costs of the hybrid system
are calculated for each year of the system‘s lifetime. The annual reserves are permitted over the lifetime
of the investment assessment.

The annual savings are calculated on the assumption of a 5% interest rate on loan, which is the
current cost of each. Net present value (NPV) is generated when the hybrid system principal expenses
are presumed to be acquired as an undesirable quantity, and these values are concise when the lifespan
is introduced. The degree of interest that would drive the repayment time to be the complete lifespan
requires a full 20 years to achieve a zero NPV, as the internal rate of return (IRR) is described for this
situation. Primary investment costs are calculated with IRR.

Table 3: NPV and IRR calculations for the Ohio and Winnipeg hybrid system show the NPV and
IRR calculations for two locations: Ohio and Canada, respectively. Appropriately, the IRR estimate for
both sites is 17% and 20%. These outcomes specify the cost–benefit of functioning in a location that is
dominated by heating.
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Figure 12. Original all-electric monthly energy costs compared to hybrid CHP/geothermal costs
for Winnipeg.

Table 3. Net present value (NPV) and internal return rate (IRR) calculations for the hybrid system in
Ohio and Winnipeg.

Ohio Winnipeg

Conventional Grid Power Cost (USD/year) 115,310 USD 115,310 USD

Inflation Rate for Grid Power 5% 5%

NG Cost for Hybrid System (USD/year) 26,831 USD 26,831 USD

Inflation Rate for NG 3% 3%

Initial Capital Cost 827,240 USD 1,211,200 USD

Loan Lifetime (years) 20 20

Loan Interest Rate 5% 5%

Net Present Value 1,240,900 USD 3,097,200 USD

Internal Rate of Return (IRR) 17% 20%

CO2 production for the hybrid system comes from the NG burned by the CHP and from the
purchased grid power. With the original all-electric system, CO2 is produced only by grid power.
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The hybrid system‘s CO2 reduction is 15% for Ohio and 30% for Canada. This model does not take
into account CO2 generated when manufacturing the CHP and other hardware.

4. Conclusions

This work presents a design for a multi-family building hybrid CHP and GCHP system so that
the electrical output of CHP satisfies the electrical load and the thermal output of CHP meets the
demand for hot water. On the electrical side, batteries are used for storing and releasing electrical
energy to better match the supply of CHP to the load. During times of high demand, grid power is
used as a backup and any excess CHP electrical energy should be returned to the network during
times of low demand. The heating and cooling loads from the building are provided by the GCHP.
In a heating-dominated climate, excess heat from CHP that is not used for hot water is passed into the
borehole system to balance heating and cooling loads and to prevent drifting of ground temperature.

The hybrid system was simulated using historical loads from a multi-family residence in Ohio,
together with a GCHP model and dispatching algorithm for handling electrical and thermal energy
flows and battery charging status. The simulation determines the power flow from the CHP to each
system element and predicts the drift of ground temperature caused by any heating and cooling
imbalance presented to the GCHP. Optimization is done to minimize the cost of an annual system,
with the constraint that the net grid energy purchases are equal to the energy sold back to the grid
(net-zero metering). Results are generated by operating the system in two locations: Columbus, Ohio,
in the US, and Winnipeg in Canada.
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