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Abstract

:

To expand the potential of renewable energies, energy storage is required to level peaks in energy demand and supply. The aim of the present study was to examine and characterize the energy consumption of a milk production system to find possibilities and boundaries for a self-sufficient energy system. A detailed quantification of energy production of the test farm and the consumption of the milk production system showed, that the total energy production could cover the energy consumption of the production process. However, the temporal distribution of energy production and consumption requires energy storage in the production process. Though ice bank milk cooling and water heating have the potential to cover parts of this storage capacity, battery storage is mandatory to enable full autarky. The consideration of different seasons leads to different optimal dimensions of the energy system. The energy price is decisive for profitability, both in the purchase and in the sale. Smaller energy systems are generally at an advantage due to the higher self-consumption quota.
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1. Introduction


The combination of increased mechanization, automatization and rising energy prices has resulted in higher energy costs in dairy farming [1] (p. 160). As a result, there is a growing economic interest in energy-efficient and renewable energy technologies, improvements in energy independence and reduction of energy usage [2] (p. 2).



In German dairy farming, the majority of energy consumption occurs during milking and milk cooling, accounting for approximately 56 to 70% of the total energy consumption [3]. Additionally, automatic milking systems (AMSs) can contribute to increased electricity consumption on dairy farms [4] (p. 4171).



Upton et al. (2013) have shown that the milking machine alone consumes about 20%, and milk cooling 31%, of the total electricity consumption on Irish dairy farms [5] (pp. 6496–6497). The energy consumption of the milking machine consists of the vacuum pump, milk pump, milking robot, air compressor and warm water boiler (BWAC) [6]. The main electricity consumers for milk cooling are the compressors of the cooling units, the fans at the condenser and the agitators of the milk storage tanks [3] (p. 15).



Further, a seasonal effect on the electricity consumption that aligns with the milk production curve was found. Additionally, the daily profile of electrical energy consumption trends followed a sinusoidal pattern of significant consumption peaks from 7:00 a.m. to 12:00 a.m., as well as 4:30 p.m. to 7:30 p.m., corresponding to the morning and evening milkings [5] (p. 6494).



According to Behnisch et al. (2021), an initial assessment shows that there is enormous potential for building-integrated photovoltaics to make decisive contributions at the local level towards a future climate-neutral energy system [7]. In addition, there are already legal regulations in German regions that require a photovoltaic plant (PV plant) on agricultural buildings such as machine sheds and stables [8]. This also creates a potential for using this energy production in farms’ own production processes. Neiber and Neser (2016) indicate the self-sufficient use of solar power as a possibility to reduce energy costs for agricultural enterprises [9]. However, renewable energies from wind power and PV plants are not generated as required but rather depend on the weather, location and the time of day and year [10] (p. 6), [11] (p. 270). Energy production and energy consumption in agriculture usually occur separately due to the current legal regulations [12]. According to Upton et al. (2013), more than 60% of milk cooling energy consumption currently occurs on more expensive day-rate tariffs [5] (pp. 6496–6497). Energy saving alone is not incentive enough to invest in solar technologies, but there are niches for which solar energy applications are feasible [13] (p. 53).



To expand the potential of renewable energy, energy storage is needed to balance peaks in energy demand and supply excess capacity during periods of low demand, as well as to balance congestion during periods of high demand [11] (p. 270), [14] (p. 1018), [15]. When the supply from renewable energy exceeds demand, the excess energy can be stored and released during times of high demand [16] (p. 9). Hence, batteries are required to store energy for use at night or to meet load requirements when PV modules cannot generate sufficient power [17] (p. 392). The storage of solar energy and wind energy, which is usually converted into electric energy, is challenging and expensive [15] (p. 5).



However, there are alternative approaches to shift loads and store energy. As an example, for milk cooling, either direct cooling or the indirect cooling process is used [18] (p. 448), [19] (p. 143). In contrast to direct expansion (DX) milk cooling, where the evaporator comes into direct contact with the milk, the indirect cooling principle uses ice water as a coolant between the evaporator (refrigerant) and the inner container wall [18] (p. 448), [19] (p. 143), [20] (p. 129). In this ice water cooling system (IB), the ice water is sprayed onto the wall of the inner container via a circulation pump and then directed to the refrigeration unit for regeneration [20] (p. 129). This ice water supply can be created independently from the milking times [20] (p. 129), allowing the ice water preparation of an ice water cooling system (IB) in times of low-cost electricity production [21] (pp. 19–20). Therefore, the ice storage systems are able to improve the imbalance of power load distribution [22] (p. 179).



Consequently, this creates opportunities for utilizing low-priced energy produced at night or during weekend periods when energy costs are often 50–70% cheaper than during the day [23]. Upton et al. (2013) characterized the energy consumption of different milk cooling systems [5]. Their findings revealed that IB systems ran on day tariff for 30% of their operating times, whereas the DX systems used 70% day tariff electricity [5] (p. 6493).



However, the authors did not consider automatic milking systems (AMSs) in their research. The use of AMS in modern dairy farms is becoming more and more popular [6,24]. In contrast to conventional milking systems, AMSs avoid high milk accumulation during the milking times, distributing milk evenly throughout the day [24] (p. 28). Energy use varies significantly among farms, ranging from 300 to 1500 kWh/cow annually. Larger modern free-stall dairies consume less electrical energy per cow due to higher-efficiency milk cooling systems, variable-speed vacuum pumps, heat recovery, and other more efficient technologies [25] (p. 5409). Implementing intelligent energy management increases energy independence and reduces energy costs at the farm level [26]. For battery storage, the charge controller regulates the flow of electricity from the PV modules to the battery and the load [17] (p. 392). In this context, energy management of agricultural activities can have a strategic role in the future of agriculture by reducing production costs and supporting the sustainability of rural development [27].



Since milking-related activities account for the major proportion of overall electric use on the farm, they offer substantial potential for electric energy savings and cost reduction [28] (p. 831). To achieve low operating costs, a detailed quantification of energy consumption is essential [29] (p. 4043). When modeling the electrical devices, the characteristics of the individual devices must be carefully observed [30] (p. 80).



Therefore, the objective of the present study was to investigate and characterize the energy consumption of a milk production system in different seasons and during the day under practical conditions. This provides information on the requirements for a self-sufficient energy system made of a PV plant and a battery storage unit. Subsequently, an energy system was modeled regarding the expected requirements for the corresponding season. Based on cost factors from the literature, the mean energy costs of these energy systems were compared to a simple external energy supply by public electricity suppliers.



The results were discussed, focussing on the optimization potential for energy storage opportunities within the production processes and the economic consequences of different degrees of self-sufficient energy supply by an energy system with a PV plant and a battery storage system.




2. Materials and Methods


2.1. Description of the Farm and the Investigated System Configurations


The research was conducted at a free-stall dairy barn located in southern Bavaria, Germany, with a rooftop photovoltaic plant (PV plant) that has a capacity of 205.2 kWp (Figure 1).



In order to achieve a better distribution of energy production throughout the day, the roof or PV system was oriented with an angle of inclination of 20° to the east and west.



The geographical coordinates of the farm are 47.941° N, and 12.125° E. Data on energy production and consumption of the individual components was collected between May 2020 and April 2021.



The components of the AMS that are directly connected to the milking process are the milking robot, the vacuum pump, the air compressor, the heating unit and the water reservoir for the boiling water cleaning system (BWAC) (Table 1). The energy consumption of the milking robot includes the electric drives that move the attachment arm.



The milking vacuum operated on a frequency-controlled dry claw vacuum pump with a maximum pressure of 400 hPa powered by a 3.0 kW motor. Compressed air for opening/closing the entrance of the milking robot as well as for removal of water and milk after milking and cleaning was provided by a 3.0 kW piston compressor (REKO 500/90, RENNER GmbH Kompressoren, Güglingen, Germany) combined with a 90 L pressure vessel. A pressure between 8 and 10 bar was applied. The BWAC cleaned the milking system three times every day. The 240 L boiler operates on a 4.5 kW heating unit. The required temperature was 90 °C. The starting temperature was 45 °C. Concentrate feed supply screws were not considered.



The milk cooling system was a Fullwood Packo RM IB 4400 cooling tank with an integrated heating unit for automatic cleaning. The maximum nominal electrical power consumption of the milk cooling tank was specified as 13.965 kW (Table 2). The milk was collected at 12:00 a.m. every second day, followed by an automatic cleaning process. The warm water required for cleaning was heated to a temperature of 45 °C during the cleaning process. The cooling unit operated separately from the milk tank and had a nominal electrical power consumption of 3.3 kW. A waste heat recovery system was used for warm water production during cooling.



A precooling system that utilized a well water supply was incorporated into the cooling system. Energy consumption for pumping water through the precooler was not taken into account since the water was also used for drinking. Hence, a clear assignment of the energy consumption to the milking system was not possible.




2.2. Data Aquistition and Technical Equipment


Data on power and energy production from the PV plant were obtained from the SunnyPortal System (SMA Solar Technology AG, Niestetal, Germany) at 15-min intervals, providing the highest temporal resolution. The data regarding milk production was collected from the AMS management software Crystal (Version 2.7).



The data acquisition was carried out analogously to Höhendinger et al. 2021 [6]. The energy consumption of the milk cooling system is measured continuously with digital smart meters (certified 3-phase meters for measurement of active power of up to 460 V/65 A with three digital inputs and RS-485 interface). Monitoring and analytics of the data are performed using the Grafana dashboard tool. Active energy is selected for the analysis as the machinery does not use inductive fields and the energy provider accounts for active energy consumption. Effects of apparent energy and reactive energy are not considered for this research. [6]




2.3. Statistical Methods


Statistical analysis was performed with MATLAB R2020a (The MathWorks, Inc. Natick, MA, USA). For the seasonal analysis based on the calendar system, energy data at 15-min intervals were summarized for every system component daily by date. Days with incomplete recording or missing data from one or more components were not further considered.



The intraday analysis was performed with the energy data measured in kWh/15 min. The production interval of milk production for South German dairy farming is determined by milk collection every 2 days. To avoid smoothing the energy consumption for the subsequent cleaning of the milk tank viewed on a 24-h interval, the intraday analysis was conducted over a 48-h observation period.



Self-sufficiency was characterized by the balance of energy production and energy consumption in the milk production system. These represented the time periods of self-sufficient energy supply and periods with an energy production deficiency on the farm. These periods were then used to determine requirements for the required battery storage for the energy system of the farm.



The energy efficiency of individual energy consumers, partial systems and the overall milk production system were evaluated daily and relative to the production of kg of milk per day. Differences in the active energy consumption between different seasons were carried out with a one-factorial ANOVA analysis.




2.4. Modeling of the Energy System


The daily energy demand of the milking system was used to model an optimal system for a self-sufficient energy supply using a combination of a PV plant and battery storage. To account for seasonal influences, separate calculations were performed for each season.



The required power capacity of the PV plant (CapPV [kWp]) was calculated in Equation (1) based on the average energy yield per kWp installed capacity per day (EProdAvg [kWh/kWp*d]) and the daily consumption for the respective season (EConsumTotal [kWh/d]). The average daily energy yield for the site and the corresponding season was calculated from the PV plant data collected on the research farm.


CapPV [kWp] = EConsumTotal [kWh/d]/EProdAvg [kWh/kWp*d]



(1)







For comparison, the daily energy balance was calculated for the respective plant size in the other seasons and with the respective energy consumption.



The required storage capacity corresponded to the energy deficiency for the respective season. Since the energy consumption during deficiency periods remained uniform in the 48 h intraday analysis, the average energy deficiency for a 24 h observation interval was assumed to be the necessary storage capacity to bridge the nighttime periods for an energy-autonomous milking system.



To calculate the required storage capacity of the battery (CapBat [kWh]) in general, the average load during the deficiency period (Loadavg [kW]) was calculated. Using the average duration of the night, the required capacity for the battery storage was calculated in Equation (2):


CapBat [kWh] = Loadavg [kW] × (24 h −Day length [h])



(2)








2.5. Economic Evaluation of the Energy Supply System


The investment costs for the PV system were set at 1000 €/kWp installed capacity [31], and for the battery storage, it was 800 €/kWh storage capacity [32]. To calculate the annual costs of the system, a depreciation period of 20 years, a 4% interest rate and 1% of the investment amount for maintenance were applied.



The costs for the storage system can be determined by multiplying the annual costs per €/kWh storage capacity by the necessary storage capacity (CapBat). Similarly, the costs for the PV system were calculated and added to the storage costs, resulting in the total costs for the entire energy supply system.



For the surplus electricity fed to the public grid, a tariff of 0.07 €/kWh was applied [33]. For the energy deficiency, an electricity price of 0.30 €/kWh was assumed [34].



The total costs are a result of the energy purchase (TotCostsEPurchase [€/a]), the revenues for the feed-in (TotalRevenueEprod [€/a]) and the annual costs for energy system (TotCostESystem [€/a]). In Equation (3), these total costs are then divided by the average electricity consumption per year (TotECons [kWh/a]) to calculate the mean costs per kWh (MeanEPrice) of consumed energy:


MeanEPrice [€/kWh] = (TotCostESystem [€/a] + TotCostsEPurchase [€/a] − TotalRevenueEprod [€/a])/TotECons [kWh/a]



(3)







For further economic evaluation, the amortization period of the plant was calculated in comparison to a purely public power supply. In order to evaluate the economic risk, a sensitivity analysis was carried out with different electricity purchase prices. Scenarios with a price increase of 5%, 10% and 15% were assumed.





3. Results


3.1. Analysis of Seasonal Impacts in the Production Processes


The mean milk production during the observation period was 1847.3 kg milk/day. Differences in the daily milk yield between the seasons were assumed to depend on the variation of livestock and milk yield per cow during the observation period. Hence, impacts of the seasonal circumstances regarding the milk yield were assumed negligible. This is supported by the system with year-round housing and silage feeding.



The mean energy production of the 205.2 kWp PV plant on the farm varied with the seasons from about 143.54 kWh/day in winter to 749.65 kWh/day in summer (spring 626.7 kWh/day, summer 749.6 kWh/day, autumn 356.5 kWh/day and winter 143.5 kWh/day).



Meanwhile, the mean energy consumption of the milk production system was between 77.50 kWh/day in summer and 56.62 kWh/day in winter (Table 3). The separate analysis of the milking system showed a variation of energy consumption between 39.14 kWh/day in summer and 41.85 kWh/day in winter (Table 3). In terms of milk production, energy consumption was highest in spring (23.41 Wh/kg milk) and lowest in summer (20.45 Wh/kg milk).



The mean energy consumption of the milking robot was 6.49 kWh/day, with a range from 5.06 kWh/day in spring to 6.85 kWh/day in winter. Compared to the energy consumption per kg of milk, the differences are smaller. The vacuum pump and air compressor showed similar differences in energy consumption between the seasons. However, for both consumers, no significant (p < 0.01) differences were observed in the mean daily energy consumption. According to this, the energy consumption of the milking robot, vacuum pump and air compressor are likely to depend mainly on the milk yield.



The energy consumption of the BWAC was highest in winter (17.05 kWh/day). Significant differences in daily energy consumption are found between winter, summer (14.35 kWh/day) and autumn (16.15 kWh/day). Spring (16.58 kWh/day) was between summer and winter but did not differ significantly from autumn and winter. The BWAC was applied regularly during fixed operational times independent of the milk production. Hence, the energy consumption in relation to milk production is immaterial for the BWAC.



The energy consumption of the milk cooling system consists of the consumer’s milk cooling tank and cooling unit (Table 3). The main energy consumer was the cooling unit with a mean energy consumption of 20.43 kWh/day, respective to 11.03 Wh/kg milk. Except for spring and autumn, significant differences (p < 0.001) were found between all seasons.



The mean energy consumption of the milk cooling tank was 5.28 kWh/day, respective to 2.87 Wh/kg milk. Significant differences (p < 0.01) in the mean energy consumption per day were observed between the seasons.



According to this, seasonal variation of the energy consumption of the cooling system depends mainly on the cooling unit. The emptying of the milk tank every second day caused about 5.48 kWh/d (19%) increased energy consumption compared to days without emptying (Table 4). This is assumed to result from the cleaning system after emptying.




3.2. Energy Production and Balance Differences between Seasons


The observation of the energy production over the 48.00 h interval shows a bell-shaped curve with an increase until midday and a decrease in the evening hours (Figure 2). The intraday observation of the energy consumption reveals seasonally varying periods with energy deficiency that are assumed to be night hours with no or negligible energy production.



Energy production is highest in summer and lowest in winter and the mean energy surplus during the 48.00 h period was the largest in summer (1371.2 kWh) and the lowest in winter (229.4 kWh) (Table 5).



The absolute surplus of energy production during the 48.00 h period is mathematically sufficient to compensate for the deficiency in every season. This represents the decreased daily energy production per kWp installed capacity between summer and winter. Periods in which there was a surplus of energy varied seasonally between 28.00 h (61%) in summer and 18.50 h (39%) in winter (Table 6). The time of energy deficiency of the 48 h interval, that needs to be equaled was between 18.75 h (39%) in summer and 29.50 h (61%) in winter.



The deficiency periods are the longest in winter between the hours of 0.00 and 8.25, 17.50 and 32.25 and 41.50 and 48.00, which results in a time with energy deficiency of 29.5 h in the 48.00 h observation period. In summer, the shortest times of energy deficiency were observed. The periods were distributed between the hours of 0.00 and 6.25, 21.00 and 30.50 and 45.00 and 48.00. Hence, the time of energy deficiency was 18.75 h in the 48 h observation period. Spring and autumn showed time periods between the two extremes. The ratio of time with deficiency is not equal to the ratio of the energy deficiency of the energy consumption of the milk production system, which could not be covered by the PV plant’s energy production. According to this, the mean load during deficiency periods is lower than during daytime (Table 7).



The amount of energy deficiency needs to be purchased from public providers. Based on the energy consumption, it can be concluded that an energy storage system must provide a capacity equal to the energy deficiency per day. However, there are differences in the energy consumption of two consecutive days (48 h periods). Hence, the capacity of a battery storage unit should take this into account, as well as conversion losses during the loading process of the storage.




3.3. Distribution of the Intraday Energy Consumption of the Milk Production System


To account for the milk emptying interval for the intraday analysis, a time interval of 48 h was chosen. The temporal resolution was 15 min. The energy consumption of the milk production system was on a mean level between 0.2 and 0.4 kWh/15 min during night hours (Figure 3). Depending on the season, the increase in the mean energy consumption starts at the earliest at 6:15 a.m. in summer and latest in winter at 8:15 a.m. This increase continued until 10:30 a.m., up to 2.0 kWh/15 min in summer. Subsequently, the energy consumption decreased moving on to evenings. However, between 3:30 p.m. and 5:00 p.m., as well as between 8:30 p.m. and 9:30 p.m., the energy consumption was increased. On the second day between hours 35.00 and 36.00 (corresponding to 11:00 a.m. to 12:00 a.m.), there was an additional energy consumption peak, which was especially remarkable in autumn and winter.



3.3.1. Intraday Analysis of the Milking System


The analysis of the mean energy consumption of the milking system showed basic energy consumption of 0.2 and 0.3 kWh/15 min. Additionally, three peaks during the day in spring, summer and autumn with a maximum of 1.4 kWh/15 min were observed (Figure 4).



A detailed consideration of the single system components revealed the peaks with increased energy consumption results mainly from the BWAC (Figure 5). The air compressor showed increased energy consumption in periodic intervals of 8.00 h, starting at 8.00. Considering the cleaning times, a correlation of the increased energy consumption of the air compressor is likely. Due to the milking pause while cleaning the milk tank, the vacuum pump and air compressor had a reduced energy consumption around hour 36.00. The milking robot did not show reduced energy consumption at this time, which might result from the low energy consumption level of the milking robot. The mean energy consumption of the milking robot varied between 0.05 kWh/15 min and 0.10 kWh/15 min continuously during the day.




3.3.2. Intraday Analysis of the Milk Cooling System


The cooling system showed increased energy consumption during daytime hours, but especially on days with tank emptying. Hence, around hour 36.00, the energy consumption increased (Figure 6). The analysis of the mean energy consumption of the cooling system showed low basic energy consumption during deficiency periods.



A separate examination of the cooling system components suggests that this is due to the characteristics of the energy consumption of the milk cooling tank while cleaning (Figure 7). The energy consumption of the cooling unit was distributed throughout the day, whereby the period was the shortest in winter and longest in summer, since the characteristics of the IB cooling system were supposed to adjust the energy consumption of the cooling unit according to the energy production. However, this was not possible for the milk cooling tank. The energy consumption peak of the milk tank occurs while cleaning after milk collection.





3.4. Energy System Scenarios


The daily energy consumption is lower in cooler seasons. Due to the lower energy yield per kWp installed capacity, a larger PV system is required to provide the energy demand. Consequently, a larger battery capacity is required to bridge the deficiency times as well. This results in different requirements for a self-sufficient energy system to meet the energy needs of the milk production system depending on the season (Table 8).



Optimization for winter leads particularly to a positive daily balance, respective to energy surpluses in the other seasons, which can be supplied to the public power grid. On the other hand, a configuration of the energy system optimized for summer leads to a negative daily balance in other seasons. The missing electricity must, therefore, be purchased from public suppliers, as the energy generation and storage capacities are not sufficient for a self-sufficient energy supply.



The costs for the energy supply arise from the costs for the energy supply system and the balance of the energy trade that results from purchased and retailed energy (Table 9). Related to the annual energy consumption of the milk production system, the mean energy price differs between 0.237 €/kWh and 0.335 €/kWh.



Compared to the costs of fully sourcing electricity from the public power grid, the amortization period is between 22 and 89 years (Table 10). In the winter scenario, under the given conditions, investment amortization is not possible. Increases in electricity prices ranging from 5 to 15% would lead to a faster amortization, thus improving cost-effectiveness.





4. Discussion


4.1. Experimental Setup and Analysis


The presence of seasonal trends Shortall et al. (2018) [35] (p. 1577) found were considered by performing separate analyses of the data for each season. This also should cover environmental impacts on the behavior or technical systems, like fresh water temperature and day length. Although the observation period was one year, due to male functions of the data recording, transmission and the InfluxDB, the data recording did not work properly during the whole observation period. The missing values in the data set as well as outliers, were not considered for the analysis of the data. Therefore, methods that are robust against biased and not normally distributed data as well as different sample sizes were selected. According to this, bias due to seasonal issues was assumed to be negligible due to the amount of data. Nevertheless, the use of long-term meteorological databases in this kind of study is very important, contributing to more reliable conclusions [36] (p. 1368).



The temporal resolution of the energy consumption of 15-min intervals is suitable to characterize the energy consumption and production during the day. Also, Oberschätzl et al. (2015) [37] (p. 8) used temporally defined measurements at 15-min intervals for a closer look at the daily load profile of the energy consumption for automatic feeding systems (AFSs) [37] (p. 8). In contrast, the current study focuses on energy consumption. The power respective to the load profile of the milk production system is likely to differ from the energy consumption profile. The average power or load during these intervals can be easily calculated; however, it would make strong but short load peaks disappear. Therefore, an investigation of the load profile as well as the power profile of the PV system with a temporal resolution of about 1 s would be necessary. The data acquisition and recording equipment and analysis methods used were not capable of operating at this high resolution. For further research, this has to be taken into account and the recording system should be adapted.




4.2. Characteristics of Energy Consumption


Within the milk production system, the energy consumption was distributed on milking and cooling. The mean energy consumption of the milk production system including milking and milk cooling was 65.68 kWh/day, which was respective to 35.55 Wh/kg milk. Shortall et al. 2018 [35] (p. 1568) described an energy consumption of 62.6 Wh/L milk, which is nearly twice the mean energy consumption found in the current study. However, the detailed comparison of the milk cooling showed a 2.5 Wh/kg milk increased energy consumption in the current study that can be explained due to the IB cooling system, which has an approximately 20% higher electricity requirement [38]. A recording by Hörndahl (2008) [39] (p. 29) showed a total energy amount of 39.9 Wh/L milk. Divided up into milking, hot water and cooling, 21.1 Wh/L milk was required for milking and 13.6 Wh/L milk for cooling [39] (p. 29). These numbers match the measurements in the present study.




4.3. Optimization Potential in Energy Consumption


According to Upton et al. (2013), the decoupling of large energy users such as milk cooling and water heating from milking times and shifting them to off-peak periods will be required [5] (pp. 6496–6497). To improve the self-supply with power, Graf et al. (2016) [21] (pp. 19–20) recommend consumers to switch on and off power between high connected loads and low running times with automatic control technology and timers or manually during periods with sufficient in-house power production. The present system was intended to meet these requirements.



IB systems can be an effective tool to decouple the milk-cooling load from milking times if they are set up and managed correctly [40]. The energy storage as ice and ice water during low-cost periods and release during milking for cooling the milk to the desired storage temperature is an option [23,41]. In the present study, the ice production process for the IB cooling system was shifted to times with PV production by the energy management system (FullEnergy). In contrast to Forster et al. (2017) [42] (p. 5), ice storage does reduce the need for a battery storage system, but does not replace it entirely, since energy is needed for milk cooling during night hours (milk cooling tank).



The advantage of this type of storage is the formation of ice—thus ice does not wear out [42] (p. 5). To account for different energy tariffs, Upton et al. (2013) assumed an IB system would run on day tariff for 30% of their operating times, whereas the DX systems used 70% day tariff electricity [5] (p. 6493). Compared to the present research, where 58–84% of the required energy for the whole milk production system could be provided self-sufficient, mean self-sufficient energy consumption of 73% could be achieved. In contrast to Upton et al. (2013), this ratio does not describe the energy purchase at day or night tariff, but the ratio between the amount of the self-produced energy to its cost price and the price of the purchased energy from the external providers [5]. Additionally, in the present research, the whole milk production system is considered.



However, energy consumption during night hours was also observed to be caused by particularly the cooling unit. This indicates that the production of ice in the IB storage during the day was not able to cover the cooling demand during night hours. However, the energy production in consideration of the energy surplus should have been large enough to last for the milk cooling. A too-low energy input in the IB storage during the day or a too-small storage unit, as well as an interaction between these two factors, may be possible reasons for these observations. The fluctuation of energy production and the low total energy production in winter might enhance this factor. In contrast to Guul-Simonsen et al. (1996) [23], a larger compressor of the cooling unit might enable larger possibilities for load shifting during the day, considering fluctuating energy production from the PV plant. Additionally, decoupling the cooling load from peak tariffs would be useful in mitigating the impact of a smart-metering electricity pricing scenario [5] (pp. 6496–6497).



The three energy consumption peaks of the BWAC boiler are likely to be determined by the three cleaning routines per day. Usually, two to three main cleaning routines for the milking system are legally required [6,43,44]. Especially between the hours 20 and 24 as well as 44 and 48, the increase of one of these peaks is recognized outside of a period as a positive energy balance. This peak is particularly pronounced in winter and in the transitional seasons of spring and autumn. In summer, it is clearly reduced, but recognizable. According to Höhendinger et al. (2021), the amount of milk or the efficiency of milk production does not affect the energy consumption of the cleaning system [6].



However, the peaks of energy consumption should be shifted to the periods of energy self-supply with energy via the corresponding control technology. Regarding the surplus that was observed, this should be possible. Since the control technology for this is available with the Fullenergy control, it can be assumed that the storage volume of the BWAC boiler with 240 L is not sufficient to store enough boiling water for cleaning in the afternoon and subsequently at night. A larger boiler could, therefore, contribute to optimization. However, it should be noted that a complete postponement of the heating will probably still not be possible as the cleaning temperature must be ensured at night—which is why short-term reheating may be necessary.



All consumers except BWAC, milk tank, and milk cooling show relatively continuous energy consumption throughout the day. Only the pause for cleaning the milk tank leads to reduced energy consumption of the compressor and vacuum pump during this period. In contrast, the energy consumption of the milk tank is particularly high during this period, which is due to the heating of the cleaning water. The position of this energy consumption peak is determined purely organizationally by the tank emptying. In the specific case, from an energetic point of view, this time is favorably located in the periods with the highest energy production. However, this could be different for other farms. In this case, there is only the possibility to preheat and store the cleaning water via a boiler during the day. This could reduce the necessary reheating to cleaning temperature in the milk tank and either save energy consumption or make it more flexible. If such a form of energy storage is not possible, battery storage could be used to cover this energy demand. However, the requirement for batteries with small PV systems on dairy farms could be alleviated through thermal storage [45] (p. 10). It should be taken care to ensure appropriate dimensioning for the battery storage.




4.4. Economic Advantages for Smaller Energy Systems


The dimensioning of the energy system was modeled on the basis of energy consumption. The required size of the PV system is based on the energy generation potential in the respective season and at the respective location. Since the specific local conditions always need to be taken into account for the concrete use case, the goal was to determine the necessary requirements regarding power and energy yield for the PV system. The orientation and optimization of the system will then depend on each case.



Different system requirements were determined depending on the time of year. Due to the lower generation in winter and the longer deficiency period, the dimension is much larger here. On the other hand, there is greater excess capacity or overproduction in the summer. For these, the marketing of the energy was assumed. Optimization after summer requires a smaller plant, but in the other seasons, the purchase of energy is necessary.



Based on the different settings of the modeling, an average electricity price between 0.237 and 0.335 €/kWh was calculated for different combinations of self-supply and external purchase. A study by Upton et al. (2013) [5] (p. 6490) considered the electricity costs of individual farms and combined data on electricity consumption with daytime and nighttime tariffs (daytime tariff was 0.18 €/kWh; nighttime tariff was 0.08 €/kWh from 00:00 a.m. to 09:00 a.m.) [5] (p. 6490). However, in the present study, the focus was on the comparison with the pure grid purchase versus a mixture of self-sufficient energy supply and external suppliers for the milk production process. Therefore, the calculation of an average energy price was considered appropriate here, which can be used for comparison with public energy prices.



The modeling focused on the net demand for the energy system. This is intended to facilitate transferability to other scenarios and locations and to allow optimal selection of the respective technologies based on site potential.



The respective average seasonal values were used for the modeling. However, this does not cover all possible weather conditions. For example, energy production may be so low on several consecutive days, especially in winter, that storage capacity or production may also be insufficient. However, the modeling shows the structural requirements as well as their application in this practical example. In addition, the modeling shows that under the assumed market conditions, energy costs increase significantly when optimized according to the cooler seasons. This, in turn, illustrates the dependence on energy prices from electricity suppliers. In Germany, a continuous increase in the price of electricity has been observed in recent years [46]. According to official statistics, electricity prices fluctuated between €0.30/kWh and €0.31/kWh during the observation period [46]. Self-supply with electricity, e.g., from a PV system, is becoming more and more interesting from a financial point of view. The electricity production costs per kWh of PV systems vary between 0.03 €/kWh and 0.11 €/kWh [47]. Considering these circumstances, the self-sufficient energy supply is more and more interesting if energy prices are relatively high.



This is supported by the sensitivity analysis that showed, that even slight price increases of 5% to 15% in electricity consumption reduce the amortization period. Thus, the economic viability is mainly dependent on these external circumstances.



Nevertheless, the calculation shows advantages for smaller energy systems, which result from lower tariffs for electricity sales; the higher these are, the faster a corresponding plant will pay off.




4.5. Uncertainties Due to Recycling of PV Plants


The costs of disposal currently vary greatly from country to country and region to region, and depending on legal regulations and the development of suitable recycling technologies and companies, reliable figures are available.



Fthenakis (2000) estimated a total cost of collection and recycling in the range of $0.08 to 0.11/W [48] (p. 1056). This would be similar to the cost of hazardous waste disposal, which corresponds to $0.09 to 0.10/W [48] (p. 1056).



In contrast, Liu et al. (2020) found a benefit–cost ratio (BCR) of 1.023, which indicated that recycling is economically viable. However, to keep the smooth operation of recycling enterprises, the BCR is required to keep = 1.1 [49] (p. 498). High-value recycling methods depend on lowering processing costs and gaining high value from the materials [50] (p. 547). In this context, the sale benefits of silver, aluminum, and silicon were the most sensitive parameters affecting the project’s economy [49] (p. 498).



Considering these circumstances, the widescale application of PV module recycling requires collaborative action of all stakeholders in the industry, governments and recyclers to build the recycling facility network to minimize transportation costs [50] (pp. 547–548).



According to this, costs for the disposal of the PV modules after their useful life were not taken into account, since the cost of this potential liability is difficult to quantify.





5. Conclusions


Due to the increased energy costs, agricultural enterprises are looking for alternatives or to secure the operational energy supply. The present work gives an approach to optimize the dimension of the energy system based on a PV system with battery storage. The electric energy production of a dairy farm with a rooftop PV plant can be sufficient, to provide enough energy for the milk production system. However, the temporal distribution is crucial to increase the self-sufficient energy supply. Energy storage in the production process is a method to compensate for this. In dairy farming, IB milk cooling represents a system to reduce energy consumption during times of energy deficiency. In this context, warm water heating can also provide energy flexibility.



However, the storage of electrical energy, e.g., night times, is not possible with these methods. Therefore, it is still necessary to store energy electrically in battery storage systems for operation at night to ensure a smooth production process. Hence, battery storage for electric power supply is mandatory to guarantee a reliable production process.



The cost structure is most favorable for smaller plants, even if energy would have to be purchased in other seasons. Taking into account the results of the study, from a purely economic perspective, the described energy system should be optimized for the summer season. The feed-in of surplus energy in larger energy systems can only partially compensate for the higher costs due to the low feed-in tariff. In consequence, increasing prices for public electricity supply is an important factor for the rentability of the self-sufficient system. If other factors, such as a higher degree of self-sufficiency in electricity supply, come into play, the components should be chosen to be larger and more powerful.



Considering these aspects, farmers are able to optimize the self-sufficient energy supply for an automatic milk production process based on a PV plant.




6. Directions for Further Research


Further investigations are now to demonstrate a reliable energy supply involving the existing stationary energy storage system, an emergency power function and, in consultation with the energy supply company, further grid services. The functional capability of the various technical installations of the farms and, in particular, the stables, will be tested both for new buildings and for existing installations.
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Figure 1. Overview of the model farm, with the dairy barn with the production system and the rooftop PV plant (1) and the position of the battery storage (2). 
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Figure 2. Energy production of the PV plant in 15 min resolution for a 48.00 h period (a); energy balance of the milk production system and the PV plant in a 48.00 h period (b). Periods with negative energy balance are indicated with grey areas. 
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Figure 3. Mean energy consumption of the milk production system in 15 min resolution for a 48.00 h period; periods with negative energy balance are indicated with grey areas. 
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Figure 4. Mean energy consumption of the milking system in 15 min resolution for a 48.00 h period; periods with negative energy balance are indicated with grey areas. 
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Figure 5. Mean energy consumption of the milking robot (a), the air compressor (b), the vacuum pump (c) and BWAC (d) during 48.00 h period with a resolution of 15 min; periods with negative energy balance are indicated with grey areas. 
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Figure 6. Mean energy consumption of the milk cooling system in 15 min resolution for a 48.00 h period; periods with negative energy balance are indicated with grey areas. 






Figure 6. Mean energy consumption of the milk cooling system in 15 min resolution for a 48.00 h period; periods with negative energy balance are indicated with grey areas.



[image: Agriengineering 05 00135 g006]







[image: Agriengineering 05 00135 g007] 





Figure 7. Mean energy consumption of the milk cooling tank (a) and cooling unit (b) during 48.00 h period with a resolution of 15 min; periods with negative energy balance are indicated with grey areas. 
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Table 1. Technical and energetic characteristics of the considered energy consumers of the different milking systems.
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Production System

	
Main Components






	
Automatic milking system

	
Fullwood M2erlin




	
System control: 0.5 kW




	
Milk pump: 1.5 kW




	
Vacuum pump

	
Dry claw vacuum pump: 3.0 kW




	
Air compressor

	
Piston compressor: 3.0 kW




	
Hot water boiler

	
CitrinSolar GmbH Type ESH6DN40: 4.5 kW 230/400 V











 





Table 2. Technical and energetic characteristics of the IB milk cooling system.
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	Production System
	Characteristic





	Milk cooling tank volume
	Fullwood Packo RM IB 4400/13.965 kW



	Capacity ice bank storage
	78 kWh



	Cooling unit
	3.3 kW










 





Table 3. Seasonal differences in the energy consumption of the ice bank cooling system; significantly different groups are indicated with letters (a,b,c).
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Unit

	
Year

	
Spring

	
SE

	
Summer

	
SE

	
Autumn

	
SE

	
Winter

	
SE

	
p-Value

	
F-Value






	
Milk production system

	
kWh/d

	
65.68

	
60.96 ac

	
1.67

	
77.50 b

	
1.23

	
67.84 c

	
1.14

	
56.63 a

	
1.08

	
<0.0001

	
58.18




	
Wh/kg Milk

	
35.55

	
32.73 a

	
0.94

	
40.49 b

	
0.69

	
38.24 b

	
0.64

	
30.52 a

	
0.60

	
<0.0001

	
49.11




	
Milking system

	
kWh/d

	
40.85

	
39.98 ab

	
0.59

	
39.14 b

	
0.45

	
41.52 a

	
0.41

	
41.85 a

	
0.38

	
<0.001

	
8.83




	
Wh/kg Milk

	
22.38

	
23.41

	
0.81

	
20.45

	
0.61

	
23.38

	
0.56

	
22.48

	
0.52

	
<0.0024

	
4.94




	
Milking robot

	
kWh/d

	
6.49

	
5.06 a

	
0.20

	
6.47 b

	
0.15

	
6.78 b

	
0.14

	
6.85 b

	
0.13

	
<0.0001

	
20.63




	
Wh/kg Milk

	
3.55

	
2.96 b

	
0.15

	
3.41 ab

	
0.11

	
3.82 a

	
0.11

	
3.68 a

	
0.10

	
<0.0001

	
8.19




	
Vacuum

	
kWh/d

	
9.60

	
9.50

	
0.12

	
9.46

	
0.10

	
9.85

	
0.09

	
9.54

	
0.09

	
<0.0145

	
3.58




	
Wh/kg Milk

	
5.24

	
5.41 ab

	
0.14

	
4.96 a

	
0.11

	
5.53 b

	
0.10

	
5.12 ab

	
0.10

	
<0.0004

	
6.19




	
Air compressor

	
kWh/d

	
8.63

	
8.53 ab

	
0.15

	
8.74 ab

	
0.12

	
8.822 b

	
0.11

	
8.42 a

	
0.10

	
<0.0347

	
2.92




	
Wh/kg Milk

	
4.71

	
4.86 ab

	
0.14

	
4.59 ab

	
0.11

	
4.97 b

	
0.11

	
4.52 a

	
0.10

	
<0.0082

	
4.00




	
BWAC

	
kWh/d

	
16.04

	
16.58 ac

	
0.26

	
14.35 b

	
0.19

	
16.15 c

	
0.18

	
17.05 a

	
0.17

	
<0.0001

	
39.53




	
Wh/kg Milk

	
8.78

	
9.60 a

	
0.30

	
7.52 b

	
0.22

	
9.08 a

	
0.21

	
9.15 a

	
0.20

	
<0.0001

	
15.22




	
Cooling system

	
kWh/d

	
25.56

	
23.28 a

	
1.18

	
38.22 b

	
0.89

	
26.48 a

	
0.85

	
14.79 c

	
0.83

	
<0.0001

	
126.49




	
Wh/kg Milk

	
13.81

	
12.50 a

	
0.66

	
20.06 b

	
0.49

	
14.93 a

	
0.47

	
7.97 c

	
0.46

	
<0.0001

	
110.35




	
Cooling unit

	
kWh/d

	
20.43

	
18.38 a

	
1.03

	
32.02 b

	
0.76

	
21.15 a

	
0.73

	
10.77 c

	
0.70

	
<0.0001

	
141.77




	
Wh/kg Milk

	
11.03

	
9.86 a

	
0.57

	
16.82 b

	
0.42

	
11.92 a

	
0.40

	
5.78 c

	
0.39

	
<0.0001

	
126.80




	
Milk tank

	
kWh/d

	
5.28

	
4.65 ac

	
0.31

	
6.74 b

	
0.24

	
5.62 c

	
0.23

	
4.07 a

	
0.22

	
<0.0001

	
23.78




	
Wh/kg Milk

	
2.87

	
2.57 ac

	
0.17

	
3.54 b

	
0.13

	
3.17 bc

	
0.13

	
2.19 a

	
0.12

	
<0.0001

	
21.20











 





Table 4. Differences in the energy consumption regarding the tank emptying and cleaning of the ice bank cooling system; significantly different groups are indicated with letters (a,b).






Table 4. Differences in the energy consumption regarding the tank emptying and cleaning of the ice bank cooling system; significantly different groups are indicated with letters (a,b).





	Mean Energy Consumption
	Unit
	Cooling and Cleaning
	SE
	Cooling
	SE
	Difference
	Difference in %
	p-Value
	F-Value





	Total
	kWh/d
	28.33 a
	0.99
	22.85 b
	0.98
	5.45
	19%
	<0.001
	15.5236



	Total
	Wh/kg Milk
	15.30 a
	0.53
	12.36 b
	0.52
	2.94
	19%
	<0.001
	15.5897



	Cooling unit
	kWh/d
	21.35
	0.89
	19.55
	0.87
	1.79
	8%
	0.1511
	2.0733



	Cooling unit
	Wh/kg Milk
	11.54
	0.47
	10.55
	0.47
	0.98
	9%
	0.1418
	2.1707



	Milk tank
	kWh/d
	7.11 a
	0.12
	3.47 b
	0.12
	3.64
	51%
	<0.001
	494.67



	Milk tank
	Wh/kg Milk
	3.85 a
	0.065
	1.98 b
	0.06
	1.87
	49%
	<0.001
	454.65










 





Table 5. Mean energy deficiencies and surpluses of a 48 h interval and the mean daily energy production in the different seasons.






Table 5. Mean energy deficiencies and surpluses of a 48 h interval and the mean daily energy production in the different seasons.





	
Season

	
Energy Deficiency

	
Energy Surplus

	
Mean Energy Production




	

	
kWh

	
kWh

	
kWh/(kWp*d)






	
Spring

	
25.3

	
1094.8

	
3.05




	
Summer

	
25.2

	
1371.2

	
3.65




	
Autumn

	
41.4

	
586.2

	
1.74




	
Winter

	
47.5

	
229.4

	
0.70











 





Table 6. Mean ratio of energy surplus and deficiency times absolute and in % of a 48 h interval.






Table 6. Mean ratio of energy surplus and deficiency times absolute and in % of a 48 h interval.





	
Season

	
Time of Surplus

	
Time of Deficiency




	

	
h

	
%

	
h

	
%






	
Spring

	
28.00

	
58%

	
20.00

	
42%




	
Summer

	
29.25

	
61%

	
18.75

	
39%




	
Autumn

	
22.75

	
47%

	
25.25

	
53%




	
Winter

	
18.50

	
39%

	
29.50

	
61%











 





Table 7. Mean ratio of energy self-supply and energy deficiency (purchase) regarding the energy consumption of the 48 h interval.






Table 7. Mean ratio of energy self-supply and energy deficiency (purchase) regarding the energy consumption of the 48 h interval.





	
Season

	
Energy Consumption

	
Energy Self-Supply

	
Mean Load

	
Energy Deficiency

	
Mean Load




	

	
kWh

	
kWh

	

	
kW

	
kWh

	

	
kW






	
Spring

	
121.9

	
96.6

	
79%

	
3.4

	
25.3

	
21%

	
1.3




	
Summer

	
155.0

	
129.8

	
84%

	
4.5

	
25.2

	
16%

	
1.3




	
Autumn

	
135.7

	
94.3

	
69%

	
4.1

	
41.4

	
31%

	
1.6




	
Winter

	
113.3

	
65.8

	
58%

	
3.5

	
47.5

	
42%

	
1.6











 





Table 8. Energy indicators according to the optimized season.






Table 8. Energy indicators according to the optimized season.





	
Optimized Season

	
Estimated PV Capacity

	
Battery Capacity

	
Season

	
PV Production

	
Energy Consumption

	
Daily Energy Balance




	

	
kWp

	
kWh

	

	
kWh/d

	
kWh/d

	
kWh/d






	
Spring

	
20.0

	
12.7

	
Spring

	
61.0

	
61.0

	
0.0




	
Summer

	
72.9

	
77.5

	
−4.6




	
Autumn

	
34.7

	
67.8

	
−33.2




	
Winter

	
14.0

	
56.6

	
−42.7




	
Summer

	
21.2

	
12.6

	
Spring

	
64.8

	
61.0

	
3.8




	
Summer

	
77.5

	
77.5

	
0.0




	
Autumn

	
36.9

	
67.8

	
−31.0




	
Winter

	
14.8

	
56.6

	
−41.8




	
Autumn

	
39.1

	
20.7

	
Spring

	
119.3

	
61.0

	
58.3




	
Summer

	
142.7

	
77.5

	
65.2




	
Autumn

	
67.8

	
67.8

	
0.0




	
Winter

	
27.3

	
56.6

	
−29.3




	
Winter

	
81.0

	
23.6

	
Spring

	
247.3

	
61.0

	
186.3




	
Summer

	
295.8

	
77.5

	
218.3




	
Autumn

	
140.6

	
67.8

	
72.8




	
Winter

	
56.6

	
56.6

	
0.0











 





Table 9. Economic evaluation of the different systems.






Table 9. Economic evaluation of the different systems.





	
Optimization Scenario

	
Costs of PV Plant

	
Costs of Battery Storage

	
Total Costs of System

	
Balance of Energy Trade

	
System and Energy Costs

	
Mean Energy Price

	
Costs of Public Energy Supply




	

	
€/a

	
€/a

	
€/a

	
€/a

	
€/a

	
€/kWh

	
€/a

	
€/kWh






	
Spring

	
1996

	
1613

	
3609

	
−2202

	
5810

	
0.242

	
7198

	
0.30




	
Summer

	
2121

	
1600

	
3722

	
−1968

	
5689

	
0.237

	
7198

	
0.30




	
Autumn

	
3905

	
2629

	
6534

	
−14

	
6548

	
0.273

	
7198

	
0.30




	
Winter

	
8096

	
2995

	
11,091

	
3049

	
8041

	
0.335

	
7198

	
0.30











 





Table 10. Amortization period considering different public energy prices.






Table 10. Amortization period considering different public energy prices.





	

	
Scenario




	
Price Development

	
%

	
100%

	
105%

	
110%

	
115%




	
Energy Price

	
€/kWh

	
0.3

	
0.315

	
0.33

	
0.345




	
Optimization Scenario

	

	
Amortization Period




	
Spring

	
years

	
23

	
19

	
17

	
15




	
Summer

	
years

	
22

	
18

	
16

	
14




	
Autumn

	
years

	
89

	
59

	
45

	
36




	
Winter

	
years

	
-

	
-

	
-

	
433
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