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CD = Maximum daily milk cooling duration (hours).

Twh < MTe+ EMD — WHD 13)

where T,, = Water heating timer start time, MT, = evening milking
time, EMD = Maximum daily evening milking duration (hours),
WHD = Maximum daily water heating duration (hours).

07: 00 < MT,, < 08: 00 14)
where MT,, = morning milking time.
17: 00 < MT, < 18: 00 (15)

where MT, = evening milking time.

Once optimization was carried out, the annual CO, emissions (kg)
were calculated for each farm configuration obtained for the 11 a values.
This provided an additional performance measure to assess the optimi-
zation results, but did not affect the optimization itself. To obtain the
annual CO, emissions for a particular farm configuration firstly the total
farm electricity consumption was calculated using MECD (Section 2.2.5).
To compute the CO, emissions associated with this electricity consump-
tion, the method described by Breen et al. [4] was used. If electricity was
exported to the grid by a PV system, this electricity could be considered
“green” and therefore would offset CO, emissions when purchased from
the grid by other customers. Hence, it was assumed that every kWh of
exported electricity reduced the farm’s CO, emissions by the average CO,
intensity per kWh at the time when exporting took place.

A further analysis was carried out whereby objective function B was
to minimize annual farm CO, emissions, while objective function A
(maximize ATNP) remained the same. The multi-objective optimization
procedure to carry out this analysis was the same as that explained
above and that performed by Breen et al. [4].

2.3.6. GA implementation for multi-objective optimization

The method by which GA was used for multi-objective optimization
in this study is illustrated in Fig. 3. The overall objective function
(Equation 9) was utilized to evaluate the performance of a population
of decision variable combinations. These combinations were then re-
ordered based on their performance using genetic operators comprising
selection, crossover and mutation. A stopping criterion in the form of a
maximum number of iterations was employed. The parameters for the
GA were selected based on the method described by Breen et al. [6].
The parameters selected were as follows: Population size = 120, Type
of selection = Rank selection, Type of crossover = Two point cross-
over, Crossover probability = 0.85, Mutation probability = 0.05.

2.4. Test case for application of methods

The test case used in this study was the same as that used by Upton
et al. [45] and Breen et al. [4,6] i.e. a farm with annual milk yield of
774,089L and a 195 cow spring calving herd. Simulations were carried
out over a ten year time horizon. The multi-objective optimization
using ATNP and RC (Section 2.3.5) shall be referred to as Scenario 1
while that using ATNP and CO, emissions shall be referred to as Sce-
nario 2. A sensitivity analysis was also carried out whereby grant aid of
40% was applied to the cost of PV systems. Equipment costs including
cost of installation are shown in Table 1. These were based on in-
formation taken from DAFM [10] as well as relevant suppliers.

Electricity, gas, oil and milk prices did not fluctuate year-on-year
over the ten year time horizon. The prices of these commodities for the
test case were as follows: Oil and gas prices were €0.08/kWh and
€0.06/kWh respectively [40], while milk price was €0.33/L and elec-
tricity price was €0.09/kWh from 00:00 to 09:00 and €0.17/kWh from
09:00 to 00:00 [6].

To simulate the test case in this study weather data consisting of
irradiance, wind speed and ambient temperature measurements were
required. The data obtained for this purpose consisted of six years
(2013 to 2018 inclusive) of hourly measurements obtained from six

Applied Energy 278 (2020) 115534

weather stations throughout Ireland. Data was averaged over the six
year period and over the six locations to obtain a typical year of Irish
weather conditions. The data, provided by Met Eireann [33], is sum-
marized in Appendix A, Table A.2.

3. Results

All simulations were carried out in MATLAB 2014a using a com-
puter with the following properties: Windows 7 64-bit, 3.50 GHz Core
i3-4150 CPU, and 8 GB RAM. On average each run of the multi-ob-
jective optimization algorithm took 45 min and 29 s.

The multi-objective optimization results for Scenario 1 (optimizing
ATNP and RC) are shown in Table 2. The optimal combination of de-
cision variables for each of the 11 a values are listed, along with their
corresponding average ATNP and RC over the ten year time horizon.
The annual CO, emissions are also listed for each value of a, as well as
the electricity exported annually by the PV system (kWh) and the ex-
ported electricity as a percentage of annual PV production. When an a
value of 1 was used, the optimal milk cooling system, water heating
system, morning milking time and evening milking time were DX,
Electric, 07:00, and 18:00, respectively while the farm used milk pre-
cooling, a water heating timer with a start time of 00:00, no VSDs and
no PV system. This optimal scenario had an ATNP of €61,876, an RC of
0%, no electricity exported and CO, emissions of 14,217 kg. Upon
decreasing a, the optimal scenario remained the same as that fora = 1
until an a value of 0.6 was reached at which point load shifting of water
heating to 10:00 was implemented and an 11 kWp PV system was in-
troduced. The farm had an ATNP of €59,859, an RC of 39%, 879 kWh
electricity exported (6.7% of annual PV production), and CO, emissions
of 8,322 kg. The optimal scenario remained the same until an a value of
0.4 was reached at which point VSDs were introduced and the farm had
an ATNP of €59,535, an RC of 43%, 982 kWh electricity exported (7.5%
of annual PV production), and CO, emissions of 6,998 kg. The optimal
scenario remained the same for all values of a from 0.3 to 0.

The multi-objective optimization results for Scenario 2 (optimizing
ATNP and CO,, emissions) are shown in Table 3. When an a value of 1
or 0.9 was used, the optimal farm configuration, ATNP, CO, emissions,
RC, and electricity exported were the same as those for an a value of 1
in Table 2. When an a value of 0.8 was reached the water heating
system changed to gas and the farm had an ATNP of €61,720, CO,
emissions of 11,055 kg, an RC of 0% and no electricity exported. When
an a value of 0.5 was reached VSDs were introduced to the optimal
scenario, and the farm had an ATNP of €61,405, CO, emissions of
9,731 kg, an RC of 0% and no electricity exported. When an a value of
0.3 was reached an 11 kWp PV system was introduced, the evening
milking time changed to 17:00 and the farm had an ATNP of €59,174,
CO,, emissions of 4,008 kg, an RC of 8%, and 10,478 kWh electricity
exported (80.3% of annual PV production). When an o value of 0.2 was
reached the evening milking time changed to 18:00 and the farm had an
ATNP of €59,137, CO, emissions of 3,944 kg, an RC of 7%, and 11,099
kWh electricity exported (84.4% of annual PV production). The optimal
scenario remained the same for a values of 0.1 to 0.

For Scenarios 1 and 2 a sensitivity analysis was carried out whereby
grant aid of 40% was applied to the cost of PV systems. The results of
this analysis are shown in Appendix C, Tables C.1 and C.2 for Scenarios
1 and 2 respectively. Results for all a values were similar to the cor-
responding results in Tables 3 and 4 but with higher ATNP values due
to the implementation of grant aid.

4. Discussion

The results for Scenario 1, whereby multi-objective optimization of
ATNP and RC was carried out, are shown in Table 2. For an a value of 1, the
optimal farm configuration was similar to that found by Breen et al. [6].
This was despite the potential inclusion of a PV system in the optimization
space. A PV system was not included in the optimal farm configuration until
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Fig. 3. Genetic Algorithm procedure for multi-objective optimization.

Table 1
Investment costs for equipment used in the test case, including installation
costs.

Equipment Investment cost (€)
DX milk cooling system 25,779

IB milk cooling system 27,469

Electric water heating system 1,200

Oil water heating system 2,400

Gas water heating system 3,000

Plate heat exchanger 2,390

Variable speed drives 3,350

PV system (per kWp) 1,400

an a value of 0.6 was reached (i.e. the relative importance of ATNP and RC
were similar). The use of a PV system became optimal at this point, with an
RC of 39% and a reduction in CO, emissions of 5,895 kg compared to the
scenario where a = 1. As a values decreased incrementally from a value of
1, it could be seen that there were no changes to the optimal farm config-
uration before an a value of 0.6 was reached. At this point load shifting of
water heating at 10:00 was implemented, in order to utilize the PV system
output during daytime hours. Since the RC of the farm was one of the op-
timization objectives and load shifting of water heating was possible, the
largest possible PV size was selected in order to consume as much of the
water heating load as possible.

A sensitivity analysis was performed to assess how grant aiding of PV
systems would affect the multi-objective optimization results. A grant aid
of 40% on the capital costs of PV systems was introduced, similar to the
PV grant amount on pig and poultry farms in Ireland [9]. These results
can be seen in Appendix C, Table C.1. However, this sensitivity analysis
yielded similar results to those displayed in Table 2, with PV systems also
being introduced at an a value of 0.6. Again the largest possible PV
system size was selected due to the possibility of load shifting.

The results for Scenario 2, whereby multi-objective optimization of
ATNP and CO, emissions was carried out, are shown in Table 3. For an
a value of 1 the optimal farm configuration was the same as that in
Table 2. When an a value of 0.8 was used a gas water heating system
was included in the optimal farm configuration. The reason for this was
the use of CO, emissions as an objective instead of RC for Scenario 2, as

seen previously in Breen et al. [4]. PV systems were optimal when

< 0.3, however they were used with gas water heating rather than
with electric water heating. Since load shifting to match PV system
output was not possible due to the selection of gas water heating, this
resulted in large amounts of PV electricity being exported to the grid
(up to 84.4% of annual production). These configurations were optimal
due to the fact that exported electricity reduced farm CO, emissions as
described in Section 2.3.5. Hence a large PV system was selected to
export as much electricity as possible when the relative importance of
minimizing CO, emissions was high.

A sensitivity analysis with a PV grant aid of 40% was also carried
out for Scenario 2. These results can be seen in Appendix C, Table C.2.
This sensitivity analysis yielded similar results to those displayed in
Table 3 where no grant aid was in place.

Under Scenarios 1 and 2, for PV systems to be included in the op-
timal farm configuration at a higher a value i.e. high relative im-
portance of ATNP, their capital costs would have to reduce. The fact
that PV systems did not become optimal until an a value of 0.6 was
used in Scenario 1 and 0.3 was used in Scenario 2 indicates that their
payback periods are relatively long. Furthermore, the addition of a 40%
grant aid made little difference to the financial performance of PV
systems for both scenarios. Comparing results to those of other studies
is difficult due to the lack of literature concerning the financial per-
formance of PV systems on dairy farms. However, the financial in-
feasibility of PV systems found in this study agrees with previous results
reported by Nacer et al. [36] on dairy farms in Algeria. On the other
hand Lukuyu et al. [30] demonstrated that PV systems were profitable
for farms in Tanzania with high milk cooling requirements. However
the study carried out by Lukuyu et al. assumed that lead acid batteries
were used with PV systems.

Fig. 4 shows the average daily electricity consumption profile of the
farm under Scenario 1 when a = 1, as well as the average daily elec-
tricity consumption profile of the farm when a = 0. The consumption
profile for a« = 0 does not take into account the use of the 11 kWp PV
system selected as part of the optimal farm configuration for o = 0 in
Table 2. The average daily electricity production of the 11 kWp PV
system is also shown in Fig. 4, as well as the production for the day of the
year with maximum PV output. It should be noted that the electricity
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