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Abstract 9	  

As dairy consumption grows, domestic dairy farms face challenges in reducing the cost of feeds and the 10	  
production of high-quality milk for market demands. This paper aims to introduce and integrate solar 11	  
energy into the milk production chain to investigate its economic performance. By collecting data on milk 12	  
production processes from 11 dairy farms in China, we quantified electricity usage and costs of milk 13	  
production to identify the best and worst cases. Crop yields response to the water demand and the 14	  
electricity requirements of the dairy farms were considered. The study simulated scenarios of self-15	  
sufficiency at 20%, 80%, and 100%, in the identified farms by integrating a photovoltaic water pumping 16	  
(PVWP) system to provide both power and water for alfalfa and other feeds’ irrigation and subsequent 17	  
milk production. We evaluated annual discounted cost, revenue and net profit under each scenario and 18	  
case. The results showed that a dairy farm with an integrated PVWP system and self-sufficient feeds 19	  
would lead to value add-ins, such as electricity saving with solar energy generation, economic cost saving 20	  
of crops, and CO2 emission reduction. The analysis on return on investment (ROI) and internal rate of 21	  
return (IRR) revealed that not all the self-sufficient feeds can bring positive marginal profit. Among the 22	  
investigated scenarios and cases, the dairy farm marked out by the highest ROI with 3.12 and IRR with 23	  
20.4%, was the farm where the integrated PVWP system was used to reach 20% self-sufficiency (self-24	  
production of only alfalfa). The other scenarios and cases with higher levels of self-sufficiency showed 25	  
lower ROIs and IRRs. This indicates that high self-production levels of feeds decrease the total profit due 26	  
to high investment cost. Sensitivity analyses of crop price and operational cost were conducted for ROI 27	  
with single and double factor approaches. Scale and production of feeds proportions should be carefully 28	  
considered in improving the economic performance of dairy milk production.  29	  
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Nomenclature:  31	  
Abbreviations 32	  

HI 
II 
IRR 
NPV 
O&M 
PV 
PVWP 
ROI 

Harvest Index  
Initial Investment 
Internal Rate of Return 
Net Present Value  
Operation and Maintenance 
Photovoltaic 
Photovoltaic Water Pumping 
Return On Investment 

1.	  Introduction	  33	  

The sufficient supply of agriculture and livestock requires large amounts of energy. Over 30% of the total 34	  
global energy consumption is in food production and the related supply chain [1]. Unsustainable 35	  
overexploitation in many parts of the world [1] stresses the need for a suitable integrated approach to 36	  
ensure sustainable agriculture, livestock production, and energy production worldwide. As livestock 37	  
production in developing countries is expected to increase, these problems are likely to become even 38	  
more pressing. China is the world's most populous country with rapid economic growth, and diets have 39	  
been shifting towards more milk and protein intake [2]. Therefore, it has become more important to study 40	  
the notable changes in dairy food demand, due to income growth and increased consumer preference for 41	  
healthy foods.  42	  

Sustainable milk production is of importance as dairy consumption grows. However, the challenges in the 43	  
rising cost of feeds and production of high-quality milk with market demands, are of major concern for 44	  
domestic dairy farms [2]. After the milk scandal of China in 2008, the milk market has shifted towards 45	  
imported products [3]. One way for the Chinese market to gain thrust is to deliver high quality certified 46	  
products [4]. However, due to the high cost of electricity and fodder in milk production, dairy farms in 47	  
China tend to use less fodder. Since fodder is more expensive than crop straw. It leads to lower milk 48	  
productivity, and dairy products with poor nutritional value. Policies and regulations were published by 49	  
the central government to rebuild the dairy farms with centralized, complex, modern production processes 50	  
[5]. The central government strengthened the supervision of the dairy industry with marketing and 51	  
production management policies [5]. More sustainable processes and sanitary milk productions are 52	  
needed in China’s dairy industry, especially when considering the technical and structural improvements 53	  
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[6]. Combining high quality products with extra benefits for the environment, by integrating renewable 54	  
energy into the dairy supply chain, can be a main strategy for boosting the market. 55	  
 56	  
In our previous studies, we provided an integrated solution for alfalfa production with a photovoltaic 57	  
water pumping (PVWP) system. The PVWP system acts as an integrated system that utilizes PV panels to 58	  
generate the power for irrigation equipment on grasslands or farmlands. The system improves grass 59	  
coverage, forage, and crop yields using renewable energy, thus providing environmental co-benefits and 60	  
climate mitigation of the grassland or farmland. Our previous studies have been conducted focusing on 61	  
the technical feasibility of a pilot PVWP system [7], [8], demonstrating its ecological impact [9], [10], 62	  
[11], economic valuation [12], [13], business model innovation [14] and financing mechanism [15]. 63	  
Campana et al. analyzed the techno-economic feasibility with water demand consideration in PVWP pilot 64	  
systems [7], [8]. Using the LCA method, Yang et al. suggested that the PVWP was a good choice for 65	  
carbon emission reduction [9]. Olsson et al. showed that there was a climate change mitigation benefit of 66	  
a 7.4 Mg (1 Mg = 1 metric ton) CO2-equivalents/ha/yr emissions reduction from the PVWP pilot [11]. 67	  
The economic performance of the integrated PVWP system with alfalfa production has been evaluated 68	  
under different schemes [16], incentives [17] and financing mechanisms [15]. It has been shown that the 69	  
integrated PVWP system with alfalfa production for dairy farms has a short payback period with high 70	  
internal rate of return (IRR) [17]. Compared with the traditional PV roof system, the integrated PVWP 71	  
system with alfalfa for milk production, executes an improved business model, which decreases the 72	  
marginal costs and increases the revenue with new products. 73	  
 74	  
In Hou’s study, the proportion of forage was 61% of the total feed input into dairy milk production in the 75	  
U.S. [18], whereas in China, on average, the forage accounted for 38% for large dairy farms, 34% for 76	  
medium dairy farms, and even lower for small and backyard dairy farms over the 2004–2008 period [6]. 77	  
To reduce the production costs many dairy farms used little alfalfa in daily fodder rations, since the price 78	  
of alfalfa was high compared to crop straw [18]. The under-consumption of fodder in dairy farms resulted 79	  
in lower milk productivity and the lack of nutritional components in the dairy products [19]. With regard 80	  
to the studies on the optimal amount of alfalfa hay addition in the diet of high producing dairy cows, Li et 81	  
al. performed experiments with different amounts of alfalfa hay additions, compared with a control group 82	  
[20]. The results showed that the increasing intake of crude protein and dry matter from the additional 83	  
alfalfa consumption, led to the growing milk yields. Similar results were also found in experiments and 84	  
studies conducted by Broderick et al.[22], and Hoffman et al.[23]. Compared with the control group, each 85	  
kg increase of alfalfa hay per day, in the diet of a lactating dairy cow, contributed to 0.85-0.9 kg of extra 86	  
milk production [20]. 87	  
 88	  
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The usage of renewable energy in the agricultural sector was analyzed in many previous studies [24], [25]. 89	  
A distributed renewable energy system in remote and rural areas, where it is not possible to be connected 90	  
to the main electrical grid, can be a cost-effective alternative to grid extension [26], [27]. Nacer et al. 91	  
designed three scenarios to explore the system technical boundaries of a hybrid PV/wind energy system in 92	  
a medium sized dairy farm in South Algeria [28]. Another study was also conducted to evaluate the 93	  
energy consumption of Algerian dairy farms [29]. Muhsen et al. and Yahyaoui et al. did the sensitivity 94	  
analyses of PVWP systems on load and cost parameters respectively [30], [31]. Few previous studies 95	  
were focused on PV energy systems of small dairy farms in China. Olcan simulated the optimal sizing of 96	  
stand-alone PVWP systems with	   crop water requirements [32]. But no detailed study was conducted to 97	  
evaluate techno-economic feasibility of grid-connected PVWP systems that balance the crops’ irrigation 98	  
electrical needs, while considering the best return on investment (ROI) and internal rate of return (IRR). 99	  
Furthermore, the reviewed studies mainly concentrated on minimizing the cost of the electricity, but 100	  
neglected the savings from the agricultural sector and dairy farm producing processes. And the price 101	  
variations of agricultural products irrigated by PVWP system were not included in the sensitivity analyses. 102	  
Moreover, since farm sizes differ, there is also a need to consider heterogeneity in electricity consumption 103	  
when comparing between case studies. Meanwhile, there were few studies focusing on how to improve 104	  
the efficiency and cost benefits of the PVWP system.    105	  
 106	  

This study is one of the first to evaluate the economic performance and energy efficiency of dairy farming 107	  
with the integrated PVWP system in different self-sustaining scenarios. This study can help to identify the 108	  
most suitable and optimal portfolios of integrated PVWP systems with dairy farm production processes to 109	  
provide water and energy for irrigation of pastures and dairy farms in remote areas, by assessing the 110	  
direct benefits and the environmental co-benefits. This was tested with an exclusive PVWP system design 111	  
with crop water requirements that have self-supported energy and feed. Existing first-hand data was used 112	  
to investigate how the economic and energy cost of milk production was influenced by testing the best 113	  
and worst cases of 11 dairy farms in China with PVWP systems. The PVWP system generates solar 114	  
power to satisfy the energy and water demands of alfalfa and other forage growth, and provides electricity 115	  
for milk production. The data from a PVWP pilot system in Inner Mongolia was used to generate realistic 116	  
estimations of the performances. Specifically, we performed hourly simulations with crop yield responses 117	  
depending on the irrigation and electricity requirements of the dairy farm. Three self-sufficiency scenarios 118	  
were created for the simulations of the best and worst cases from 11 dairy farms: 1) a 20% self-119	  
sufficiency (growth only of alfalfa crop), 80% (alfalfa and other forage), and 100% (alfalfa, other forage, 120	  
and concentrate feed containing 50% maize grain, 24% wheat bran, and 26% soybean).  The simulations 121	  
compared and selected out the most economic viable scenario in planting crops, which portrayed the best 122	  
economic performance with the PVWP system for electricity production. We analyzed and quantified the 123	  
PVWP systems for alfalfa and other forage crops’ irrigation and milk production into three metrics: (1) 124	  
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energy reduction of each kg milk (kWh/kg), (2) economic cost reduction for each kg milk (RMB/kg), and 125	  
(3) CO2 emission reduction with the PVWP for each kg milk (kg CO2-equivalents/kg). These metrics of 126	  
the PVWP systems were compared with those of the grid-connected system to illustrate the energy, 127	  
environmental, and economic benefits of the PVWP systems. Sensitivity test was executed to explore the 128	  
impacts of operational cost and forage price on ROI and IRR of integrated PVWP systems under different 129	  
self-sufficiencies. The structure of the rest of this paper is organized as follows: section 2 describes the 130	  
methods adopted in this work with assumptions, scenarios’ definitions, and sizing of PVWP systems; 131	  
section 3 presents the results and discussions; and, section 4 summarizes the conclusions of this study.  132	  
 133	  

2	  Methodologies	  	  134	  
A typical PVWP system consists of a PV array that produces electricity for water pumping. In this study, 135	  
the pumped water was specifically used for irrigation purposes to produce forage for dairy farms. The 136	  
surplus of electricity produced by the PV array was also used for meeting the electricity consumption of 137	  
dairy farms, as shown in Figure 1. An integrated approach was used in this study by combining PVWP 138	  
system technical performances, crop yield response to water, and economic performances through various 139	  
scenarios. 140	  

 141	  
Figure 1. Illustration of integrated PVWP system for dairy farm forage and electricity supply2	  142	  

This study is based on data from 11 dairy farms, presented in section 2.1, and data from a pilot PV water 143	  
pumping system in Inner Mongolia [17] and other assumptions on crop water requirements and crop 144	  
modeling. Based on those data, we estimated the capacity of PVWP systems in the best and worst cases 145	  
for 11 farms by using the FAO crop-water production function for simulating crop response to water. The 146	  
economic assessment including ROI, IRR, cost savings, energy savings, and CO2 emission reductions 147	  

	  

2 The picture of dairy cows is from https://globalfellowship.org/missionary/dairy-cow-project/ (accessed 2018/9/12) 
Others were shot in Inner Mongolia PVWP pilot. 
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were calculated for three scenarios on farm self-sufficiency: 20%, 80%, and 100%. A summary of the 148	  
methodology adopted in this study is depicted in Figure 2. 	  149	  

 150	  

Figure 2. A flowchart of the calculations of the PVWP systems integrated with dairy milk production. 151	  

 152	  

2.1 Input Data Collection and Assumptions 153	  

Inventory data of dairy farms was collected from the case studies analyzed in Zhang et al. [17], as well as 154	  
in the environmental reports of dairy farms [33], [34], [35]. As listed in Table 1, data of 11 dairy farms in 155	  
China were collected with annual input and output. The prices of different fodder and feeds were 156	  
collected from the wholesale online market [36]. 157	  

Table 1. Characteristics of 11 dairy farms in China. 158	  

Item  Dairy 
cows 

Milk 
production  

Feed 
consumption 
concentrate 

Maize 
silage 

Maize 
straw 
silage  

Alfalfa 
hay  

Wheat 
straw  

Energy use 
on farm 
electricity  

Coal  Diesel  

Unit per year head ton ton ton ton ton ton kWh ton l 

Farm 1 34  152  150  0  189  42  4  7,200  0  28  

Farm 2 135  617  496  0  2,190  18  142  51,200  12  1,029  

Farm 3 300  1,555  976  1,600  2,400  62  73  76,600  17  1,714  

Farm 4 47  258  180  650  650  20  28  14,000  13  214  

Farm 5 130  780  496  0  1,424  160  0  40,000  18  2,372  

Farm 6 200  1,200  584  0  3,600  219  0  96,000  28  3,429  

Farm 7 170  1,037  720  3,650  0  240  0  97,900  17  1,714  

Farm 8 550  3,690  2,044  2,000  6,000  675  0  192,000  85  6,171  

Farm 9 450  2,000  929  2,463  0  300  695  102,480  0  0  

Farm 10 55  400  144  0  120  730  0  20,000  0  0  

Pumped water  
and crop yield response simulations 

 Hourly dynamic simulations  
of crop water requirements  Inventory data of 11 dairy farms  Data of maximum crop yields,  

crop growth coefficients and stages � 

The capacity of PVWP system/Gross water demands for best and worst case of 11 farms �

 
PVWP with 20%, 80%, 100% self-sufficiency feeds scenarios:  
1.  Economic performance 
2.  Electricity production 
3.  CO2 emissions avoided per kg DM crop �
 

Energy savings, feed-in tariff, surplus energy fed to grid CO2 emissions reductions per kg of milk 
 

IRR, ROI, cost saving per kg of milk 
  

Indicators’ evaluation FAO crop-water production function  
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Farm 11 1,800  12,240  6,570  19,710  2,847  4,600  0  2,730,000  401  360  
Note: Ingredients of concentrate feed: maize grain, wheat bran, and soybean meal account for 50%, 24%, and 26%, respectively 159	  
[33].  160	  

2.2 Sizing of the PVWP system for irrigation  161	  

The sizing of the PVWP system was carried out using the open-source simulation and optimization code 162	  
OptiCE [37], taking into consideration the crop yield response to the water provided through irrigation 163	  
and the electricity requirements of the dairy farm. The capacity (installed kWp) of the PVWP system was 164	  
calculated by running hourly dynamic simulations of the crop water requirements, and the pumped water 165	  
and crop yield response, using the methodology adopted in a previous study conducted by Campana et al. 166	  
[12]. The hourly simulations of the PVWP system were performed by following these steps: 167	  

1. Calculation of the global tilted radiation on the plane of the PV array [7] [14] 168	  
2. Calculation of the PV power output [7] [14] 169	  
3. Calculation of the dynamic performance of the inverter and water pump [7]. 170	  

The crop response to water was calculated using the FAO crop-water production function [38], using the 171	  
same methodology adopted in Campana et al. [7] for different crops. The FAO crop-water production 172	  
function [38] was calculated using the following equation: 173	  

1 −
𝑌!
𝑌!

= 𝐾! 1 −
𝐸𝑇!
𝐸𝑇!

                                                                                                                                                                                                         1  

Where Ya is the actual yield (ton DM/ha), Ym is the maximum yield (ton DM/ha), Ky is the yield response 174	  
factor, ETa is the actual evapotranspiration (mm/hour), and ETc is the evapotranspiration in cultural 175	  
conditions with no water stress (mm/hour). The actual yield, Ya, is the crop yield resulting from water 176	  
deficit compared to the maximum crop water requirements. The evapotranspiration in cultural conditions, 177	  
ETc, was calculated using the following relationship [16]: 178	  
𝐸𝑇! = 𝐾!𝐸𝑇!                                                                                                                                                                                                                                                          (2) 

Where Kc is the crop coefficient (it varies between crops and crop growth stages), and ET0 is the reference 179	  
evapotranspiration calculated with the Penman–Monteith equation [38]. The capacity of the PVWP 180	  
system has been calculated through an iterative process that stopped when the actual yield corresponded 181	  
to the maximum yield. The maximum crop yields, Ym, used in the simulations are summarized in Table 2 182	  
for the different crops. The main assumptions concerning the crop growth coefficients and stages are 183	  
summarized in Table 3. 184	  

Table 2. Maximum crop yields. 185	  

Crop Maximum yield Ym (ton DM/ha) 

Maize grain 16.5 [39]  
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Alfalfa 15.2 [40] 

Soybean 3.8 [41]  

Maize silage 20.0 (assuming 35% DM) [42]  

Winter wheat  8 [43]  

	  186	  
Table 3. Crop parameters used in the crop water requirements calculations [38]. 187	  

 Parameter Maize grain Alfalfa Soybean Maize silage Winter 
Wheat 

Initial stage (days) 30 10 20 30 160 

Development stage (days) 40 30 30 40 75 

Middle stage (days) 50 25 60 50 75 

Final stage (days) 50 10 25 50 25 

Max crop height (m) 2 0.7 1 2 1 

Planting date April April June April October 

Kc,ini 0.35 0.95 0.5 0.6 0.4 

Kc,mid 1.2 1.2 1.15 1.2 1.15 

Kc,end 0.35 0.9 0.5 0.6 0.4 

Ky 1.25 1.1 0.85 1.25 1.05 

 188	  

2.3 Studied cases and scenarios 189	  

First, we evaluated the costs in each farm by comparing different indicators, including electricity 190	  
consumption (electricity consumed by each kg of milk production), milk productivity (tons of milk 191	  
produced by each cow), alfalfa productivity (kg alfalfa/litre milk), and feed productivity (kg feed 192	  
consumed to produce each kg of milk). Second, we measured out the best case from 11 farms, which used 193	  
the least feeds and energy to produce the largest quantity of milk per cow, whereas the worst case of the 194	  
11 farms, used the most feeds and energy, but had the lowest milk yield per cow. Finally, we simulated 195	  
the PVWP system to generate electricity for irrigating the feeds (wheat, maize, concentrate, alfalfa) and 196	  
operated the dairy farms under different self-sufficiency scenarios (20%, 80%, and 100%), in the best and 197	  
worst dairy farm cases to estimate the cost of energy for the whole dairy farm’s production process. 198	  
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Three scenarios were investigated: 20% self-sufficiency, 80% self-sufficiency and 100% self-sufficiency. 199	  
Self-sufficiency of 20% referred to the scenario in which the PVWP system converts solar energy to 200	  
supply the electricity for the dairy farm operation, but mainly to run the irrigation system for growing 201	  
alfalfa. The rest of the feeds needed for the dairy cows to produce milk, are purchased from the market. 202	  
The system boundary of the 20% self-sufficiency scenario, investigated in this study, is marked as the 203	  
blue arrow in Figure 3 denoting only alfalfa.  204	  

	  205	  

Figure 3. Schematic of the system boundary for milk production with the PVWP system and the production of all feeds at 20%, 206	  
80%, and 100% self-sufficiency levels. 207	  
Note: The 20% self-sufficiency crop is alfalfa (straight blue arrow); 80% self-sufficiency crops are alfalfa, wheat, and maize (dotted 208	  
arrows); 100% self-sufficiency crops are alfalfa, wheat, maize, and concentrate (dashed arrows). 209	  

In the 80% self-sufficiency scenario, the farm produced most of the crops and alfalfa (Figure 3, maize as 210	  
green arrow; wheat as purple arrow) for cows, except concentrate feed consumption. The system 211	  
boundary is shown as Figure 3 with dotted arrows. Self-sufficiency of 100% indicated that the farm 212	  
produced all crops and feeds needed for dairy cow feeding processes, including feed concentrate 213	  
consumption (dash arrows in Figure 3). The concentrate feed used for dairy feeding is a mix of 214	  
ingredients to supplement feeds for nutritional balance. To produce concentrate feed, we assumed the 215	  
following ingredients with extra cost and equipment: 50% maize grain, 24% wheat bran, and 26% 216	  
soybean, as shown with the red dashed line (concentrate) in Figure 3. The comparison between 20%, 217	  
80%, and 100% self-sufficiency, through simulations, may help us figure out which is the most 218	  
economically feasible scenario in producing dairy milk integrated with the PVWP system. The overall 219	  
capacities for the PVWP systems serving the worst case and the best case scenarios, were carried out 220	  
through an examination of the monthly energy balance between solar PV electricity production and the 221	  
electricity required for water pumping, to fulfill all the crops’ water requirements. 222	  

Milk

Dairy farm operation

Feeding milk cow
(Dairy Farm)

PV water
Pumping
System

Electricity

Water

Electricity

Feed Production
(Land)

100%

Wheat
Alfalfa
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Maize
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In this paper, we further used some of the economic data from a PVWP pilot, where the operation and 223	  
environmental conditions were collected at the Inner Mongolia station since 2010 [8], [12], [17]. 224	  
Under the International Financial Reporting Standards and China’s generally accepted accounting 225	  
principles, the depreciation of asset expenses was applied in this study to present a more accurate 226	  
valuation of the farm’s financial situation. The total costs of the PVWP systems, land rent, wells, and 227	  
pipes were depreciated to their annual depreciation costs with a straight-line method of depreciation and 228	  
guidance on accounting for the depreciation of assets [44]. The service life of land, well, and PVWP 229	  
systems is 20 years, and 5 years for pipes [45].  230	  

annual  depreciation  cost =
cost  of  fixed  asset − residual  value

useful  life  of  asset  (years)
    (3)	  

In particular, we used an average alfalfa price of 2.3 RMB/kg [8]. The annual depreciation cost of the PV 231	  
system was 1,380 RMB per 1kWp capacity [17]. The seed cost of alfalfa was 200 RMB/ha/year [38]. The 232	  
emission reduction of the PVWP system was 7.4 tons CO2/ha [11], as shown in Table 4. The annual 233	  
depreciation costs of the PVWP system, well, pipe, and land rent were included in the operation and 234	  
maintenance (O&M) costs. 235	  

Table 4. PVWP input data 236	  
Costs   Revenue   

PVWP system  1.380 RMB/kWp/yr Alfalfa price 2300 RMB/ton 
Well  1500 RMB/ha/yr Maize straw silage 350 RMB/ton 
Pipe  375 RMB/ha/yr Maize silage 1800 RMB/ton 
Land rent  500 RMB/ha/yr Wheat straw 500 RMB/ton 
Water consumption 242 RMB/ha/yr Wheat 2500 RMB/ton 
Seed (alfalfa) 200 RMB/ha/yr Concentrate feed 2200 RMB/ton 
Seed (maize) 880 RMB/ha/yr Feed-in tariff 0.42 RMB/kWh 
Seed (wheat) 1200 RMB/ha/yr Electricity purchase price 0.48 RMB/kWh 
Seed (soybean) 1200 RMB/ha/yr Surplus electricity sale price 0.38 RMB/kWh 
O&M (Alfalfa) 4084 RMB/ha/yr CO2 emission reduction 7.4 ton/ha/yr 
O&M 
(maize/wheat/soybean) 8217 RMB/ha/yr CO2 emission price 54 RMB/ton 

Note: The O&M cost is referred from http://t.im/farmer (Access Date 2016/10) 237	  

As a performance measure, ROI was used to evaluate the efficiency of an investment or to compare the 238	  
efficiency of a number of different investments. In our study, ROIs over the different self-sufficiency 239	  
situations, in the best and worst cases, were calculated as the ratio of net income to initial investment cost. 240	  
ROI was calculated using the following equation: 241	  

ROI=!"
!!

                                                                                                                   (4) 242	  

II is the initial investment of a system, which is equivalent to the annual depreciation costs in this study. 243	  
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NI is the net income of a system, which equals to net profit from revenue minus expense.  244	  

The IRR can be determined under different scenarios, which represents the desirability of investments or 245	  
projects. The higher a project's IRR, the more desirable it is to undertake the project. 246	  
The IRR (r) was calculated using the following equation:  247	  

NPV= !"!
!!! !

!"
!!! − IC =0                                                                                   (5)   248	  

Where, CFn is the cash flow of the system in year n; n is the time in years before the future cash flow 249	  
occurs; the initial cost (IC) contains cumulative costs of PVWP system, land, well and other equipment 250	  
within 20 years’ period. 251	  

 252	  

3 Results and Discussions  253	  

The dairy farms with the PVWP system were designed and simulated with different scenarios of self-254	  
sufficiency (20%, 80%, and 100%). We simulated the water and PV power demands according to each 255	  
scenario’s assumptions. Equivalent annual costs and revenues of the three PVWP scenarios in the worst 256	  
and best case were listed in Tables 6, 7, and 8. All the values were discounted to current currency of the 257	  
present value. Most of the data on annual cost were collected from the PVWP pilot that was carried out in 258	  
Inner Mongolia. The rest of the data were based on market prices from PV panel and agricultural 259	  
companies.	  260	  

	  261	  

3.1 PVWP system design with special consideration of crop water requirements 262	  

The results concerning the sizing of the PVWP system for the specific irrigation of the studied crops are 263	  
summarized in Table 5. All the results have been obtained using the climatic data from the Meteonorm 264	  
database3, specific to the sites of Xian and Heilongjiang. 265	  

Table 5. PVWP system design results of studied crops’ water requirements. 266	  

Crop 
PVWP 

capacity 
(kWp/ha) 

Specific 
electricity 

consumption 
(kWh/kg DM) 

Specific 
water 

consumption 
(m3/kg DM) 

CO2 emissions 
avoided per kg DM 
crop (compared to 

electricity from grid) 

Electricity 
production 
(kWh) 

Electricity 
for water 
pumping 
(kWh/ha) 

Surplus of 
electricity 
(kWh) 

Alfalfa 1.8  0.072 0.306 0.067 2577 1102 1475.6 
Maize 
grain 1.8 0.038 0.164 0.036 2577 641 1936.6 

	  

3  www.meteonorm.com 
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Soybean 1.4 0.071 0.29 0.066 2004 279 1725.8 
Maize 
silage 1.8 0.042 0.178 0.039 2577 847 1730.6 

Winter 
Wheat 1.8 0.095 0.409 0.088 2577 762 1815.6 

The CO2 emissions avoided have been calculated assuming that the emission reduction is 0.931 kg 267	  
CO2/kWh [46]. Using the concept of the harvest index (HI), defined as the ratio between the grain and the 268	  
above ground biomass (straw and grain), the straw component of the maize silage and of the wheat has 269	  
been calculated using the following harvest indexes: 0.5 and 0.45, respectively [47]. In our study, we used 270	  
a harvest index of 0.5 as the ratio between the grain and the above ground biomass (straw and grain) (if 271	  
the wheat grain yield was 100 tons and the harvest index was 0.5, then straw plus grain was 200 tons; 272	  
Straw=Yield/HI-Yield=100/0.5-100=100 tons). Since the planting period of winter wheat is after the 273	  
harvest of maize, soybean, and alfalfa, the energy for irrigating winter wheat can come from the same PV 274	  
panels generating electricity for irrigating maize, soybean, and alfalfa in spring and summer time.  275	  
	  276	  

3.2 Indicators’ evaluation and comparison for cases	  277	  

By calculating the indicators in each farm, we used the data for producing 1 kg milk from dairy farms, as 278	  
illustrated in Table 6.  279	  

Table 6. Indicators for the production of milk from dairy farms 280	  

Item  Electricity 
consumption 

Milk 
productivity  

Feed 
productivity 

Alfalfa 
consumption  

Alfalfa 
productivity Milk/Feed ratio 

Unit per year kWh/kg ton/cow kg/kg milk kg/cow kg/kg milk 
ton milk*kg/cow*kg 
feed 

Farm 1 0.047  4.471  2.533  1.235  0.276  1.77  

Farm 2 0.083  4.570  4.613  0.133  0.029  0.99  

Farm 3 0.049  5.183  3.287  0.207  0.040  1.58  

Farm 4 0.054  5.489  5.922  0.426  0.078  0.93  

Farm 5 0.051  6.000  2.667  1.231  0.205  2.25  

Farm 6 0.080  6.000  3.669  1.095  0.183  1.64  

Farm 7 0.094  6.100  4.446  1.412  0.231  1.37  

Farm 8 0.052  6.709  2.905  1.227  0.183  2.31  

Farm 9 0.051  4.444  2.194  0.667  0.150  2.03  

Farm 10 0.050  7.273  2.485  13.273  1.825  2.93  

Farm 11 0.223  6.800  2.755  2.556  0.376  2.47  
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In dairy farm production, the electricity consumption per kg of milk varied from 0.047 kWh/kg to 0.223 281	  
kWh/kg. The median rate was 0.052 kWh/kg. The milk productivity of each farm varied from 4.444 to 282	  
7.273 ton/cow, which indicated the amount of milk produced by each cow, per year, in each farm. Among 283	  
the 11 farms, farm 10 had the highest milk productivity. The feeds and alfalfa productivity demonstrated 284	  
the amounts of alfalfa and all the feeds needed to produce 1 kg milk. For feed productivity, the lower 285	  
value represented a lower cost for forage for the farm to feed a milk cow and produce 1 kg milk. Farm 2 286	  
gave 4.6 kg feed to produce 1 kg milk, while farm 9 used only 2.194 kg feed to produce 1 kg milk. 287	  
However, the milk productivity of farm 9 was the lowest with 4.444 ton/cow, which means the marginal 288	  
productivity was quite below other farms due to a lack of daily food for the cows. We noticed that farm 289	  
10 gave each cow the maximum amount of alfalfa (13.273kg/cow), and had the highest milk production 290	  
for each cow of 7.273 tons. This verified previous studies showing how additional alfalfa leads to 291	  
increased milk yields [20], [21], and [22]. To evaluate the milk production performances of the 11 farms, 292	  
we created an index to measure the effectiveness of milk production by using milk productivity divided 293	  
by feed productivity (milk/feed ratio). The higher the milk/feed ratio, the better the productivity. Farm 10 294	  
had the highest ratio of 2.93, whereas farm 2 had the lowest milk, feed, and alfalfa productivity. 295	  
Considering the overall performance, farm 2 represented the worst case, whereas farm 10 had the best 296	  
marginal output as the best case. Farm 10 used 2.485 kg feed for every kg milk production, and produced 297	  
7.273 tons of milk from each cow, every year. In addition, farm 10’s electricity consumption of 0.050 298	  
kWh/kg was quite close to the minimum level of 0.047 kWh/kg.  299	  

 300	  

3.3 PVWP system capacities for the best and worst cases 301	  

The PVWP system capacities for farms 2 (worst case) and 10 (best case) have been calculated using the 302	  
ratio between monthly electricity requirements for irrigation and specific PV electricity production by 303	  
using the approach give in Campana et al. [48]. The cumulative gross water demand for farms 2 and 10 in 304	  
all scenarios (20%, 80%, and 100% self-sufficiency) are depicted in Figure 4. The corresponding 305	  
electricity for water pumping has been calculated by assuming a water head of 60 m and an overall 306	  
pumping system efficiency of 70%.  307	  
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 308	  
Figure 4.A Gross water demand for farm 2 for 20%, 80% and 100% self-sufficiency scenarios. 309	  

 310	  
Figure 4.B Gross water demand for farm 10 for 20%, 80% and 100% self-sufficiency scenarios. 311	  

The PV electricity production was affected by the orientation angles: the tilt and azimuth angles. By 312	  
assuming an azimuth angle equal to 0°, the results of the tilt angle’s sensitivity on the monthly solar 313	  
specific PV electricity production is given in Appendix A. The monthly results were obtained through 314	  
hourly dynamic simulations of the PV power output that depends on the variation of the hourly global 315	  
solar tilted radiation according to the equations from Duffie and Beckman [49]. A tilt angle of 20° 316	  
represents the best trade-off between annual and July PV electricity production. July was assumed as the 317	  
design month for the PVWP system (except for farm 10 where the design month was May) due to the 318	  
highest ratio between electricity demand for irrigation and specific electricity. The tilt angle has a 319	  
significant effect on the economy of the PVWP system. A tilt angle different from the optimal leads to a 320	  
lower specific electricity production for kWp installed. Since the PVWP systems were designed by using 321	  
an energy balance approach between consumption and production, if the specific electricity production 322	  
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was lower than the optimal to cover the same amount of electricity consumption required, more kWp was 323	  
installed. The increase of the PV system capacity thus may affect the economic aspects. The resulting 324	  
design of the PVWP capacities for farms 2 and 10 and the related scenarios are given in Appendix B.  325	  
 326	  
The design process was performed to fulfil all the electricity requirements for irrigation during the whole 327	  
year. This resulted in a surplus of electricity production during the month with low electricity 328	  
requirements for irrigation. The electricity requirements, PV electricity production, and related electricity 329	  
surplus for the investigated farms and scenarios were given in Figures 5, 6, and 7. As shown in Figure 5, 330	  
the highest electricity demand for irrigation appeared in July, in the 100% self-sufficiency scenarios for 331	  
both farms 2 and 10. The rising electricity demand started in April, which is the planting season for maize 332	  
and alfalfa.  333	  

 334	  
Figure 5.A Electricity demand for irrigation for farm 2 for 20%, 80% and 100% self-sufficiency scenarios. 335	  

	   	  	  336	  
Figure 5.B Electricity demand for irrigation for farm 10 for 20%, 80% and 100% self-sufficiency scenarios. 337	  

By assuming an azimuth angle equal to 0° and a tilt angle of 20°, PV electricity production for the 338	  
designed PVWP systems were simulated with the requirement to meet the maximum electricity demand 339	  
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month (July) in the scenario of 100% self-sufficiency. The PV electricity production in the northern 340	  
hemisphere gradually decreased after summer, because of decreasing radiation, as shown in Figure 6. 	  341	  

	  342	  
Figure 6.  PV electricity production for the designed PVWP systems for farms 2 and 10 and the related scenarios. 343	  

PV surplus electricity, for designed PVWP systems, was the electricity surplus after energy consumption 344	  
from crop irrigation, and after the source of energy for daily operations on the dairy farms was 345	  
substituted, in the related scenarios. As illustrated in Figure 7, the highest surplus of the PVWP system 346	  
appeared in April and September among the different scenarios, because the planting season of maize and 347	  
alfalfa is from April until the end of August.  348	  

	  349	  

	  350	  
Figure 7. PV surplus electricity production for the designed PVWP systems for farms 2 and 10 and the related scenarios. 351	  

	  352	  
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3.4 Farms 10 and 2 with integrated PVWP systems in the 20%, 80%, and 100% 353	  

self-sufficiency scenarios  354	  

Taking farm 10 as the best case and farm 2 as the worst case, among the 11 operating dairy farms in 355	  
China, we simulated the PVWP system for both the different crops’ irrigation requirements and for 356	  
different dairy farms’ electricity demands. By calculating the energy usage, CO2 emission reduction, and 357	  
increasing income of farm 10 and farm 2, this study explored the economic payback and environmental 358	  
externality of existing dairy farms with comparably high/low feeds and milk productivities in China when 359	  
using a integrated PVWP system. We carried out ROI and IRR analyses to investigate the optimal self-360	  
sufficiency scenario (20%, 80%, and 100%) for different feeds, by using PVWP systems as the technical 361	  
means for forage and electricity supply.   362	  

 363	  

3.4.1 Positive economic payback and environmental externality  364	  
In the 20%, 80%, and 100% self-sufficiency scenarios, the total revenues all surpassed the total costs, 365	  
which meant that each scenario reached breakeven, then with positive profit annually. In the 20% self-366	  
sufficiency scenarios, farm 10 reached its profit of 1,418,287 RMB, and farm 2 of 51,806 RMB, annually 367	  
as shown in Table 7. In the 80% self-sufficiency scenarios illustrated in Table 8, farm 10 earned 1,613,047 368	  
RMB and farm 2 earned 3,778,343 RMB every year. In the 100% self-sufficiency scenarios (Table 9), 369	  
farm 10 had an annual profit of 1,651,854, while farm 2 had 3,721,952 RMB. By using the PVWP system 370	  
to substitute fossil fuel energy, the scale of planting crops was enlarged, and the power generation needed 371	  
for dairy farm operation processes was also changed. Thus, the CO2 emission reduction credits can be 372	  
realized as the measurable externality of carbon compensation in the CDM project [50] or emission 373	  
trading exchange of China [51], with the average annual price of 54 RMB/ton [52]. 374	  
 375	  

Table 7. Cost and revenue analyses of the best and worst farms with PVWP systems in 20% self-sufficiency scenario. 376	  

Cost  Unit Farm 10 Farm 2 

PVWP Capacity kW 177  79  

Electricity demand (Irrigation+Dairy farm) kWh/yr 87,730  53,178  
Electricity production kWh/yr 231,052  85,151  
Electricity surplus kWh/yr 143,321  31,973  
Alfalfa production size ha 48  1.2  
PVWP system RMB/yr 122,917  54,861  
Drill well RMB/yr 72,039  1,776  

Pipe RMB/yr 18,010  444  
Land rent RMB/yr 24,013  592  



18	   	  

	  18	  

Seed (Alfalfa) RMB/yr 9,605  237  

O&M (Alfalfa) RMB/yr 196,120  4,836  
Water  RMB/yr 11,622  287  
Equivalent Annual Cost RMB/yr 454,327  63,033  
Revenue 

   Alfalfa (feed) RMB/yr 1,679,000  41,400  
Feed-in tariff RMB/yr 97,042  35,763  

Electricity saved cost RMB/yr 42,111  25,525  

Surplus electricity sale RMB/yr 54,462  12,150  
Total annual revenue RMB/yr 1,872,614  114,839  
Total CO2 emission reduction ton/yr 420  60  
Total annual profit RMB/yr 1,418,287  51,806  

Note: The exchange rate between RMB and USD is 6.5:1 according to bank of China4. 377	  
 378	  

Table 8. Cost and revenue analysis of the best and worst farms with PVWP systems in 80% self-sufficiency scenario.  379	  

Cost  Unit Farm 10 Farm 2 

PVWP Capacity kW 196  522  
Electricity demand (Irrigation+Dairy farm) kWh/yr 92,106  210,868  
Electricity production kWh/yr 256,042  560,059  
Electricity surplus kWh/yr 163,936  349,191  
Alfalfa production size ha 48  1.2  
Maize straw silage size                                         ha 6  110  
Wheat straw size ha 0  18  
PVWP system RMB/yr 136,303  362,233  
Drill well RMB/yr 81,039  192,651  
Pipe RMB/yr 20,260  48,163  
Land rent RMB/yr 27,013  64,217  
Seed(Alfalfa) RMB/yr 9,605  237  
Seed(maize) RMB/yr 5,280  96,360  
Seed(wheat) RMB/yr 0  21,300  
O&M (Alfalfa) RMB/yr 196,120  4,836  
O&M (maize/wheat/soybean) RMB/yr 49,302  1,045,613  
Water  RMB/yr 13,074  31,081  
Equivalent Annual Cost RMB/yr 537,997  1,866,692  
Revenue 

   Alfalfa (feed) RMB/yr 1,679,000  41,400  
Maize straw silage (feed) RMB/yr 42,000  766,500  
Rest maize silage RMB/yr 216,000  3,942,000  
Wheat straw (feed) RMB/yr 0  71,000  
Rest wheat RMB/yr 0  355,000  
Feed-in tariff RMB/yr 107,538  235,225  

	  

4	  http://www.boc.cn/sourcedb/whpj/(Access Date 2016/10) 
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Electricity saved cost RMB/yr 44,211  101,217  
Surplus electricity sale RMB/yr 62,296  132,693  
Total annual revenue RMB/yr 2,151,045  5,645,034  
Total CO2 emission reduction ton/yr 420  1,001  
Total annual profit RMB/yr 1,613,047  3,778,343  

Note: The exchange rate between RMB and USD is 6.5:1 according to bank of China. 380	  
	  381	  

Table 9. Cost and revenue analysis of the best and worst farms with PVWP systems in 100% self-sufficiency scenario. 382	  

Cost Unit Farm 10 Farm 2 

PVWP Capacity kW 212  543  
Electricity demand (Irrigation+Dairy farm) kWh/yr 99,236  230,756  
Electricity production kWh/yr 276,517  582,747  
Electricity surplus kWh/yr 177,281  351,991  
Alfalfa production size ha 48  1.2  
Maize straw silage size                                         ha 6  110  
Wheat straw size ha 4.3  18  
Soybean size ha 10  34  
PVWP system RMB/yr 147,203  376,907  
Drill well RMB/yr 102,489  243,651  
Pipe RMB/yr 25,622  60,913  
Land rent RMB/yr 34,163  81,217  
Seed(Alfalfa) RMB/yr 9,605  237  
Seed(maize) RMB/yr 5,280  96,360  
Seed(wheat) RMB/yr 5,160  21,300  
Seed(soy bean) RMB/yr 12,000  40,800  
O&M (Alfalfa) RMB/yr 196,120  4,836  
O&M (maize/wheat/soybean) RMB/yr 166,805  1,324,991  
Water  RMB/yr 16,535  39,309  
Equivalent annual cost RMB/yr 720,983  2,290,522  
Revenue 

   Alfalfa (feed) RMB/yr 1,679,000  41,400  
Maize straw silage (feed) RMB/yr 42,000  766,500  
Rest maize silage RMB/yr 86,400  3,495,600  
Wheat straw (feed) RMB/yr 17,500  71,000  
Rest wheat RMB/yr 0  57,500  
Concentrate feed RMB/yr 316,800  1,091,200  
Feed-in tariff RMB/yr 116,137  244,754  
Electricity saved cost RMB/yr 47,633  110,763  
Surplus electricity sale RMB/yr 67,367  133,756  
Total Revenue RMB/yr 2,372,837  6,012,473  
Total CO2 emission reduction ton/yr 526  1,253  
Total Profit RMB/yr 1,651,854  3,721,952  

Note: The exchange rate between RMB and USD is 6.5:1 according to the bank of China. 383	  
 384	  
Compared to distributed PV systems in traditional business models, the integrated PVWP system with 385	  
dairy farm producing processes has extending its products line with extra revenue from the production of 386	  
solar energy for irrigation and dairy farm operation, and has added-value from self-plant feeds for dairy 387	  
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farm. The profit of power generation with PVWP systems was mainly from the revenue of electricity bill 388	  
saving, feed-in tariff, and surplus energy sold to grids after deducting PV system installation and O&M 389	  
costs. As shown in Table 10, the profit of a PVWP system with solar power generation varied from 390	  
70,698 RMB/yr to 112,366 RMB/yr in the 20%, 80%, and 100% self-sufficiency scenarios of farms 10 391	  
and 2. Total profit contains the profit of solar power generation plus the profit from self-plant feeds with 392	  
PVWP systems. However, we found out that the profit of solar power generation mostly made up about 5% 393	  
of total profit under every scenario (only in farm 2 with 20% self-sufficiency the profit of solar power 394	  
generation was 35% of total profit). Moreover, the annual return on investment of solar energy generation 395	  
was low. The results illustrated that when extending PVWP systems into new business sectors, such as 396	  
feed and milk production processes, its economic performance might be much better than the stand-alone 397	  
distributed PV system with merely electricity generation.    398	  
 399	  
Table 10. The economic, energy saving and CO2 reduction performance of farms 10 and 2 in 20%, 80% and 100% self-sufficiency. 400	  

  
Farm 10 
(20%) 

Farm 2 
(20%) 

Farm 10 
(80%) 

Farm 2 
(80%) 

Farm 10 
(100%) 

Farm 2 
(100%) 

PVWP System Cost (RMB) 122,917  54,861  136,303  362,233  147,202  376,907  
Solar Energy Revenue (RMB) 193,614  73,439  214,045  469,134  231,137  489,273  
Solar Energy Profit (RMB) 70,698  18,577  77,742  106,901  83,935  112,366  
Total Profit (RMB) 1,418,287  51,806  1,613,047  3,778,343  1,651,854  3,721,952  
Cost saving per kg milk (RMB/kg) 3.55 0.08 4.03 6.12 4.13 6.03 
Energy saving per kg milk (kWh/kg) 0.22 0.09 0.23 0.34 0.25 0.37 
CO2 reduction per kg milk (kg/kg) 1.05 0.1 1.05 1.62 1.31 2.03 

Note: Solar energy revenue equals to revenue from Feed-in tariff, Electricity saved cost and Surplus electricity sale. 401	  
Total profit equals to the solar energy profit plus profit from self-plant feeds with PVWP system. 402	  
 403	  
As shown in Tables 7-10, the integrated PVWP systems with feeds and dairy productions reached positive 404	  
environmental externality, including avoidance of fossil fuel consumption from the grid, solar energy 405	  
electricity fed into the grid, and CO2 emission reductions during the irrigation and dairy farm operation 406	  
processes. In farms 10 and 2 with 100% self-sufficiency, the PVWP systems would avoid 99,236 kWh 407	  
and 230,756 kWh per year from the grid and provide 177,281 kWh and 351,991 kWh per year for the grid 408	  
with surplus solar power. The avoided CO2 emissions were estimated to be 526 ton/yr and 1253 ton/yr. To 409	  
better measure the environmental externality, the energy saving per kg of milk and CO2 emission 410	  
reduction per kg of milk were calculated as shown in Table 10. The energy savings and CO2 emission 411	  
reduction kept would keep increasing as more feeds were being irrigated with solar energy. For farm 2 412	  
with 100% self-sufficiency, the energy savings would be 0.37 kWh per kg of milk and the CO2 emission 413	  
reductions would be 2.03 kg per kg of milk. For farm 10 with 100% self-sufficiency, the energy savings 414	  
would be 0.25 kWh per kg of milk, and the CO2 emission reduction would be 1.31 kg per kg of milk.  415	  
 416	  



	   21	  

3.4.2 Negative marginal profit with self-produced concentrated feed  417	  

Farm 2 in 100% self-sufficiency, had less profit than that in 80% self-sufficiency. The difference in the 418	  
80% and 100% self-sufficiency scenarios was the self-production of concentrate feed, which led to the 419	  
reduction in annual profit of farm 2 from 3,778,343 to 3,721,952 RMB. 420	  
 421	  
This shows that it was not very economic to produce the concentrate feed with the PVWP system in dairy 422	  
farm 2. From one side, it enlarged the annual cost from 1,866,692 to 2,290,522 RMB, it required more 423	  
land to plant the components of the concentrate feed - maize, wheat, and soybean. From the other side, 424	  
the price of concentrate feed was not profitable enough to cover the costs and the O&M investment. Thus, 425	  
the marginal profit of self-producing concentrated feed turned out to be negative.  426	  
 427	  
For farm 10, the profit of the 100% self-sufficiency scenario exceeded that of the 80% self-sufficiency 428	  
scenario, yet the marginal profit was very limited with 38,807 RMB. Meanwhile, to produce concentrate 429	  
feed, farm 10 had to invest 423,830 RMB annually in order to plant all ingredients, which was not a very 430	  
efficient investment. The concentrate feed production in farms 2 and 10 showed diseconomies of scale, 431	  
which are cost disadvantages due to the increases in output, consequently leading to an increased cost 432	  
(per-unit) of the production of goods, but with diminished returns. 433	  
 434	  

3.4.3 ROI and IRR in different self-sufficiency scenarios  435	  
Other approaches to assess the economic performance of different scenarios include the use of the ROI 436	  
and IRR. In this study, annual ROI values were calculated as the ratio of total utility savings of farms 2 437	  
and 10 to annual capital cost in the different self-sufficiency scenarios. IRR values were calculated by 438	  
using the cash flows to measure the desirability of investments under different self-sufficiency situations. 439	  
ROI and IRR values for both farms 2 and 10, according to the self-sufficiency scenarios of 20%, 80%, 440	  
and 100%, are shown in Figure 8. Farm 2 with 20% self-sufficiency had the lowest ROI value of 0.82 and 441	  
lowest IRR value of 6.24%, indicating that there was a considerable lower payoff after achieving 442	  
economic breakeven. Farm 10 with 20% self-sufficiency had a ROI value of 3.12 and an IRR value of 443	  
20.4%. The ROI and IRR of farm 10 in 20% self-sufficiency reached the highest values. This 444	  
demonstrates that the scenario of using only self-planting alfalfa for dairy farm 10 should be most 445	  
prioritized, which had the highest return, proving to be the best strategy. However, investing more money 446	  
to plant the rest of the feeds for farms 2 and 10, seemed to show a lack of scale effect and made the ROIs 447	  
and IRRs decrease. Compared with planting alfalfa, maize, wheat, and soybean needed more investment 448	  
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and O&M as the initial costs, and their marginal profit was lower than that of alfalfa. Therefore, this 449	  
resulted in decreased ROIs and IRRs in the 80% and 100% self-sufficiency scenarios. 450	  

 451	  
Figure 8. The ROI and IRR of farms 10 and 2 in 20%, 80%, and 100% self-sufficiency. 452	  

 453	  
However, in farm 2, the highest ROI was 2.02 and IRR was 14.03% in the 80% self-sufficiency scenario, 454	  
whereas the lowest was in 20% self-sufficiency with 0.82 for ROI and 6.24% for IRR, and in 100% self-455	  
sufficiency ROI was 1.62 and IRR was 11.62%. The reason that farm 2 had much lower ROI and IRR 456	  
than farm 10 in 20% self-sufficiency scenario was due to farm 2 only producing 18 tons of alfalfa in the 457	  
20% self-sufficiency scenario. Farm 2 demanded 51,200 kWh each year for dairy farm operations, but 458	  
with merely 1,978 kWh for irrigation per year in the 20% self-sufficiency scenario. As shown in Table 7 459	  
the costs of farm 2 were mostly from the PVWP system in 20% self-sufficiency (54,861 RMB/yr). The 460	  
cost of planting alfalfa was only 5,359 RMB/yr, the revenue of alfalfa was 41,400 RMB/yr, and the rest of 461	  
the revenue was from electricity sale and FIT. Even the marginal profit of producing alfalfa was high. The 462	  
limited production quantity restrained the payback in the 20% self-sufficiency scenario of farm 2. 463	  
 464	  
As illustrated in Table 1, farm 2 largely consumed maize straw silage and concentrated feed. Meanwhile, 465	  
it took 4.6 kg of feed to produce 1 kg of milk, which is considered very low productivity from each cow 466	  
per year according to Table 6. This implies that the proportion of feeds in farm 2 is not very effective in 467	  
producing milk. Thus, when considering the self-production of feeds with the PVWP system, the 468	  
economic performance of farm 2 was also not as effective as farm 10. The ROI and IRR increased from 469	  
the 20% self-sufficiency scenario to the 80% self-sufficiency scenario of farm 2, because the marginal 470	  
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profit of planting maize straw and generating electricity was positive with scale-effect. However, the 471	  
marginal profit diminished in the 100% self-sufficiency scenario, since self-producing concentrated feed 472	  
was not as economic as only self-producing maize straw, which made the ROI and IRR decrease in the 473	  
100% self-sufficiency scenario. The ROI and IRR not only depended on the crop’s category of different 474	  
payback, but also on the crop’s quantity with/without scale-effect, and the mixed proportions of crops.  475	  
 476	  

3.4.4. Sensitivity study  477	  
Sensitivity analyses were conducted to explore the effect of the crops’ prices and the PVWP system 478	  
operating cost (including O&M, PVWP system and investment costs for planting forage) variations on 479	  
the ROI. Parameters were singularly altered and the software was rerun to determine their level of 480	  
significance, then the two-parameter’s effects were analyzed. The forage prices and the operating cost of 481	  
the PVWP systems were assumed separately	   and varied in the range +/-20% of the current market 482	  
prices/cost in each scenario. 483	  

Single-factor sensitivity analysis 484	  
The effects of forage prices and operating costs on the ROIs of farms 2 and 10 were conducted as single 485	  
factor sensitivity analyses. Figure 9 shows the effect of forage prices on the ROI of farm 10 with the 486	  
PVWP system under 20%, 80%, and 100% self-sufficiency assuming a constant PV module price and 487	  
corresponding operating cost.  488	  

	    489	  

Figure 9. Effect of forage prices/operating cost on the ROI of farm 10 with the PVWP system under 20%, 80%, and 100% self-490	  
sufficiency. 491	  

Figure 10 illustrates the situation of farm 2. The effect of the operating cost on ROI is shown while 492	  
keeping other factors as constant prices. With the increase of forage price, the revenue increased. The 493	  
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annual profit rose with a higher ROI value, which was linearly correlated with the income of the forage. 494	  
Similarly, with the increase of annual operating cost, the annual total cost increased, and the profit 495	  
decreased with a lower ROI value. Within the parameters’ variations in Figures 9 and 10, the ROI values 496	  
were all over 0.3. This reveals that the positive economic profit of the integrated PVWP system would not 497	  
be affected by the two single parameters with 20% increasing or decreasing variation of its prices or cost.  498	  

 499	  

Figure 10. Effect of forage prices/operating cost on the ROI of farm 2 with the PVWP system under 20%, 80%, and 100% self-500	  
sufficiency. 501	  

 502	  
Double-factor sensitivity analysis 503	  
Double-factor sensitivity analyses were then conducted to identify the influence of the input parameters 504	  
(operating cost and forage prices) on increasing or decreasing the ROIs under different self-sufficiency 505	  
scenarios together.  506	  

Variation in the ROIs of farms 2 and 10 resulted in changes in profit and total annual cost input data. In 507	  
this part of the study, forage prices of the total annual revenue and the equivalent annual cost were 508	  
modified and all other input parameters stayed the same. The range of operating cost and forage price 509	  
change was between -20% to +20% of the data referred to in Tables 7, 8, and 9. The what-if analysis was 510	  
used to simulate the two-variable analysis, and was displayed as a 3-D column chart for two-variables 511	  
under farm 10 with 20% self-sufficiency (Appendix C). The x-axis is equivalent to annual cost as a result 512	  
of changes in operating cost between -20% to +20%; the y-axis is the revenue as a result of changes in 513	  
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forage prices, and the z-axis is the profit. The profit increased with the decrease in total cost and increase 514	  
in revenue; and profit diminished with increasing total cost and decreasing revenue. 	  515	  

The same two-variable analyses were conducted with farms 10 in 80% and 100% self-sufficiency, and 516	  
farm 2 in 20%, 80%, and 100% self-sufficiency, respectively. In this regard, six mock results of a two-517	  
variable condition were created as one mock done in Appendix C. Thus, as it can be seen in Figure 11, the 518	  
worst situation shows lowest ROIs in all six scenarios of farms 2 and 10 with different self-sufficiencies. 519	  
The best situation shows notable increases in ROIs, due to the increasing revenue and decreased annual 520	  
cost. In the best situation, ROI in farm 10 with 20% self-sufficiency was 5.2, 5 with 80% self-sufficiency, 521	  
and 3.94 with 100% self-sufficiency, whereas in farm 2 with 20% self-sufficiency it was 1.73, 4.01 with 522	  
80% self-sufficiency, and 2.94 with 100% self-sufficiency. By comparing the best and worst situations 523	  
with the normal situation, we found that ROI trends of the best situation, worst situation, and normal 524	  
situation were similar.  525	  

 526	  
Figure 11. Best case and worst case of two-parameter sensitivity analysis for ROIs. 527	  

The changes in prices of forage and operating costs affected the value of the ROIs in the different 528	  
situations, but the highest ROI always appeared in farm 10 with 20% self-sufficiency. Despite 529	  
aforementioned effects, in this study it was assumed that prices of forage and operating cost did not affect 530	  
the optimal choice of farms with most prioritized self-sufficiency. The decreasing ROIs of farms 2 and 10 531	  
from 80% self-sufficiency to 100% self-sufficiency indicated that the negative marginal return of 532	  
producing concentrate feed would not be influenced by the overall 40% changes in prices of forage and 533	  
operating cost. (For IRR, the changes in prices of forage and operating costs affected the values but would 534	  
not affect the optimal choice of farms with most prioritized self-sufficiency, either.) 535	  
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 536	  

4 Conclusions	  537	  

In this study, we evaluated the electricity usage and made economic estimations of the best (farm 10) and 538	  
the worst (farm 2) productions among 11 dairy farms under the PVWP system business model, and in 539	  
regards to the planting of different feeds in China. A computational program including models of water 540	  
and radiation demands, PV systems, and investment costs was designed to estimate the impacts. It 541	  
provided a more feasible plan for dairy farms to improve economic performance and renewable energy 542	  
supply than common grid-connected systems by fossil fuel. The integration of PVWPs can provide solar 543	  
energy both for crop irrigation and milk production processes.  544	  

By using the integrated PVWP system in dairy farms, on-grid power was substituted for solar power for 545	  
daily operation and the irrigating of crops in self-sufficiency scenarios. We simulated 20%, 80%, and 546	  
100% self-sufficiency scenarios with farms 2 and 10. The scenarios’ scales ranged in size from 1.2 ha to 547	  
162 ha, and the total PV power ranged from 79 kW to 543 kW. The data showed that all simulations 548	  
yielded positive economic improvement and led to CO2 emission reduction, which realized environmental 549	  
mitigations. Using PVWP systems to supply solar power, every kg milk produced may allow for an 550	  
avoidance of 2.03 kg CO2 emission and save 0.37 kWh electricity in the producing process in maximum.  551	  

The integrated PVWP system created new sources of revenue with an extensive production line and 552	  
benefited from value propositions in planting alfalfa and other crops for dairy farm production. Yet, in the 553	  
best case (farm 10), the highest ROI and IRR appeared in the 20% self-sufficiency scenario and decreased 554	  
in the 80% and 100% self-sufficiency scenarios. The diseconomies of scale was evident in the limited 555	  
positive economic performance of an integrated PV system, on the production of concentrate feed for 556	  
dairy farms, in both the best and worst dairy farm simulations. The marginal profit of planting alfalfa 557	  
proved that alfalfa should be the prioritized crop for PVWPs and dairy farms, than maize silage and 558	  
wheat, in the aspects of both economic benefit and milk productivity improvement. Therefore, it is most 559	  
effective for dairy farms to plant only alfalfa when using the PVWP system for its power generation. 560	  

We also concluded that it is necessary to examine the quantity variation in feeds demanded of all dairy 561	  
farms. This is due to the heterogeneity in the proportions of milk produced depending on the feed, which 562	  
in turn can have divergent effects on the economy and environment. This study has demonstrated that 563	  
using alfalfa in feeding milk cows has positive influence on milk productivity and economic return, which 564	  



	   27	  

is in line with previous studies [19][20][21] [22]. As China's domestic milk production is expanding to 565	  
meet growing demands, the expansion of dairy farming in energy-stressed and alfalfa-stressed regions can 566	  
be mitigated with an integrated PVWP system and self-sufficient alfalfa crops in this dairy farm 567	  
mechanism. 568	  
 569	  
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Appendix: 581	  

A. Effect of the tilt angle on the monthly PV electricity production in farm 2 and farm 10. 582	  

 583	  
A.1. Effect of the tilt angle on the monthly PV electricity production in farm 2. 584	  
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 585	  
A.2. Effect of the tilt angle on the monthly PV electricity production in farm 10. 586	  

 587	  
B. PVWP systems’ capacities to cover irrigation and electricity requirements. 588	  
Nevertheless, in the case of farm 2 with 20% self-sufficiency, the energy requirements for irrigation were 589	  
extremely low compared to the farm demand. It resulted in no surplus during the other months (or more 590	  
precisely negative surplus). For this special case, we had to design the system for December if we wanted 591	  
to cover all the energy requirements during the whole year (irrigation + farm electricity requirements). 592	  

 593	  
B. PVWP systems’ capacities to cover irrigation and electricity requirements. 594	  

 595	  
C. Two-variable effects on net profit under farm 10 with 20% self-sufficiency. 596	  
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 597	  

C. Two-variable effects on net profit under farm 10 with 20% self-sufficiency. 598	  

 599	  

 600	  
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