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Introduction 

In 2011, Dalarna University (DU) initiated a project funded by the Swedish 

International Development Cooperation Agency (SIDA); "Mini-grids supplied by 

renewable energy - improving technical and social feasibility". In the project, a hybrid 

PV-diesel system at the Ihushi Development Center (IDC) near Mwanza in Tanzania 

is particularly in focus, but also other hybrid systems will be included in the study.  

The hybrid system at IDC was designed and constructed by a local electrician, with 

limited access to similar systems to learn from, but with support from DU. Earlier, 

several small PV-systems were used. Due to short distances between buildings and 

the possibility to use energy generated by a diesel generator needed for a carpentry 

workshop, it was decided to build a micro-grid supplied by PV and the diesel 

generator. As many of the already available components as possible were reused, 

and additional required equipment was purchased [1]. In April 2011, after two years 

of operation, a monitoring system was installed at the PV-diesel hybrid system [2].  

This paper aims to analyze the load profile obtained by measurements, and compare 

it to estimations of energy use. Also the system size and performance were studied. 

System description 

The supply side of the system includes a 655 Wp PV array, using two different types 

of modules and a 12 kW diesel generator. A battery bank of five 12 V and 200 Ah 

valve regulated lead acid batteries form the energy storage. The system has a 

charge controller with MPP tracking, and a bi-directional inverter with maximum 

output of 1500 W connecting the AC load and the generator to the rest of the system. 

The distribution system is divided into AC and DC sections supplying the loads [2]. 

DC is used at night for lighting purposes, while AC power is used mainly at day time. 



 
 

The monitoring system was designed to enable analysis of the hybrid system using 

the IEC 61724 guidelines [3]. It was logging voltage and current from the PV panels, 

battery voltage, current to the DC load, current between the charge controller and the 

battery and the AC side of the system, current to/from the inverter, and temperature. 

Energy meters were used to measure the AC load and the energy from the generator 

to the hybrid system [2]. From April until May 18, minute values were recorded. 

Thereafter the logging interval was one hour. The data was last downloaded in early 

November. 

Incidents reducing the possibility to fully evaluate the system have occurred. The 

energy meter recording AC load failed, but was replaced on May 7. On July 3, there 

was an accident harming all measurements but temperature, battery voltage and the 

energy used for AC load. The measurements of the DC load current started to show 

unreasonable values at daytime, and have therefore not been used in the evaluation. 

The values recorded at night were still trustworthy and continued to be used. End 

users claim that the power system was unharmed by the incident, but that the 

generator is no longer connected to the micro-grid. The former hybrid system is since 

July 3 hence a pure PV system. 

Load  

An estimation of the load was obtained in April of 2011 after a survey of the 

appliances installed at the center. After interviews with end users of the equipment, 

an estimation of load usage was done [1]. These data will be compared to the 

measured data. 

DC Load 

The main DC load consisted of security lights, which were kept on all night but never 

during daylight hours. There was also some further DC powered lighting points, 

mainly used during evening hours [1].  

The monitored DC load from May to September varied between 0.2 to 0.9 kWh per 

day. In early May, the power use during night hours was around 35 W. On May 14, 

the load increased to nearly 60 W and stayed in that magnitude for the rest of the 

month. On July 3, the load dropped to 25-27 W and was stable for the remaining 



 
 

evaluation period. Figure 1 shows the hourly distribution of DC load for every day in 

May. Also the average DC load distribution for May was plotted together with the 

estimated load and the load estimated for only the security light. 

 
Figure 1: Hourly DC load in May together with average for May, estimated load and load caused by security lighting. 

According to Figure 1, there was nearly no use of electricity at daytime, often a peak 

in power consumption during the evening hours, and a constant use of electricity at 

night. For none of the days within the studied months, the load reached the estimated 

peak power consumption or energy demand. During the night, all lamps classified by 

the users as security lights were estimated to be on. The usage pattern of DC 

appliances was similar every day, although the level of energy consumption was 

more diverse in May than during the other studied months. The DC load included 

fluorescent lamps of 6, 8 and 10 W each. When studying the graph in Figure 2, it can 

be seen when the users turned on and off different lamps. 

 
Figure 2: Minute values of power consumed by DC appliances on May 7. 
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AC Load 

The use of AC power varies very much from day to day, which can be seen in Figure 

3, making it difficult to identify a typical daily user behavior. 

 
Figure 3: Hourly AC load in June together and average AC load distribution for June. 

The most frequently used appliances comprised some lights, nearly constant 

charging of mobile phones and a refrigerator. Other AC appliances were a laptop, a 

printer and a TV with a satellite receiver. In May, a business center was opened and 

three stationary computers and a copy machine were added to the system [1]. The 

copy machine could though not be used without running the generator due to a poor 

sine wave from the inverter. In Figure 4, the average daily energy consumption for 

each month is shown. Saturdays and Sundays are considered as weekends, and 

Mondays to Fridays as weekdays. 

 
Figure 4: Average daily energy consumption used by AC appliances. 

As Figure 4 shows, the monthly average in daily consumption of energy used for AC 

appliances varies between just above one and 1.95 kWh per day, with an average of 

1.47 kWh per day. Some months, there was a large variation between weekdays and 

weekend-days, with a much higher energy consumption on weekdays, whereas 

0 

0,05 

0,1 

0,15 

0,2 

0,25 

0,3 

0,35 

0,4 

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 

P
o
w

e
r 

[k
W

] 

Time [hh:mm] 

01-jun 02-jun 

03-jun 04-jun 

05-jun 06-jun 

07-jun 08-jun 

09-jun 10-jun 

11-jun 12-jun 

13-jun 14-jun 

15-jun 16-jun 

17-jun 18-jun 

19-jun 20-jun 

21-jun 22-jun 

23-jun 24-jun 

25-jun 26-jun 

27-jun 28-jun 

29-jun 30-jun 

June-Average 

0,00 

0,50 

1,00 

1,50 

2,00 

A
C

 E
n

er
gy

 c
o

n
su

m
p

ti
o

n
 

p
er

 d
ay

 [
kW

h
/d

ay
] 

  

May-Weekdays 

May-Weekends 

May-Average 

June-Weekdays 

June-Weekends 

June-Average 

July-Weekdays 

July-Weekends 

July-Average 

August-Weekdays 

August-Weekends 

August-Average 

September-Weekdays 

September-Weekends 

September-Average 



 
 

some months show nearly no variation or the reverse relation. To identify the use of 

different appliances, minute values from May 7 to May 17 were studied. The graph in 

Figure 5 shows the AC load on May 17. 

 
Figure 5: Minute values of power consumed by AC appliances on May 17. 

The first load before 7am in Figure 5 shows 13 W used to charge mobile phones. 

The uniform load before noon was 135 W and comprised the phones and the 

refrigerator. Measurements from other days have shown that the copy machine’s 

power use was rather irregular varying from 75 W to 400 W. The TV with receiver 

and the laptop were generally used for less than an hour. In the afternoon of May 17, 

the increase in power consumption shows the use of computers and possibly the 

printer. The last energy used in the evening in Figure 5  is probably lamps. 

When the estimation of the AC load was done in April 2011, the business center was 

still under construction. Needed appliances were forecasted and the desired hours of 

usage were specified [1]. Even after reducing the hours of usage of appliances to 

values that could be met by the PV-hybrid system, the estimated use of energy was 

significantly higher than the measured energy consumption. 

Losses 

The PV panels in the studied system have about 30% less output than under 

standard test conditions, due to degradation, temperature and mismatch [4]. The 

main Balance of System (BOS) losses are conversion losses in the inverter and 

battery losses. By comparing the incoming energy with the energy being consumed, 

the BOS losses can be determined. 
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  Equation 1 

Days between May 7 and June 3, with as equal battery voltage and power production 

and consumption as possible at the same point in time, were identified. Equation 1 

was applied over the identified time spans shown in Table 1 and the losses were 

calculated and presented as percentage of the generated energy.  

Table 1: Generated and used energy and losses for times with equal DC power and battery voltage. 
Time 
[hh:mm] 

From 
date 

To 
 date 

PDC (t1) 
[W] 

PDC (t2) 

[W] 
PDiff  
[W] 

Ubatt (t1) 
[V] 

Ubatt (t2) 

[V] 
Udiff  

[V] 
Ein  
[Wh] 

Eout 
[Wh] 

Losses 
[%] 

02:00 24-May 15-Jun 56,7 56,7 0,00 12,59 12,62 -0,03 62560 48455 22,5 

00:00 1-Jun 13-Jun 57,8 57,8 0,00 12,81 12,74 0,07 31870 25068 21,3 

04:00 10-May 13-May 35,1 35,1 0,00 12,94 12,88 0,06 8196 6590 19,6 

05:00 20-May 20-Jun 51,8 51,0 0,78 12,55 12,55 0,00 88709 69925 21,2 

05:00 25-May 21-Jun 57,3 56,9 0,35 12,52 12,52 0,00 77471 61078 21,2 

05:00 14-Jun 16-Jun 57,7 57,3 0,47 12,59 12,59 0,00 5776 4599 20,4 

04:00 7-Jun 8-Jun 57,9 57,0 0,83 12,83 12,83 0,00 2608 2071 20,6 

03:00 18-May 16-Jun 57,7 58,0 -0,26 12,62 12,62 0,00 83896 65824 21,5 

Table 1 shows that days with equally used DC power and nearly the same battery 

voltage, or the reverse, were studied. Some time spans overlap. The system losses 

amount to 20-22 %, giving a BOS efficiency of 0.78 - 0.80 [3].  

System size 

Battery voltage indicates a battery’s state of charge. If the battery voltage decreases 

over time, more energy has been used in the system than the power generating units 

were able to supply. Figure 6 shows the battery voltage of the studied system. 

 
Figure 6: Battery voltage in the studied system, from May to October 

The system has equipment protecting the batteries from being deep discharged by 

disconnecting the load when the batteries’ state of charge is too low [2]. That never 
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happened during the evaluated months. The decrease in battery voltage in August, 

which can be seen in Figure 6, shows that the power demand was higher than what 

the PV panels could supply. Several days were required to again reach a high level 

of charge.  

Discussion and conclusions 

Evaluation of the monitored data showed that the hybrid system at IDC was covering 

the energy demand, without being substantially over sized. Although the generator 

was not connected to the system for a substantial part of the time, the load was 

never disconnected due to low state of battery charge. For a week with high power 

demand, the battery voltage though decreased considerably. The system can be 

used like that occasionally, but frequent and long periods of deep discharge will harm 

the batteries. Simulations have shown that the batteries are oversized compared to 

the rest of the system [4]. That explains the long time it took for the batteries to 

become fully charged, when the load again came back to normal levels.  

Since early July, the system was no longer a hybrid system but a pure PV system. 

According to the users, the power system was not harmed by the incident in July, but 

the possibility to fully evaluate the system performance was reduced. The current 

measurement of the DC load was affected and it cannot be completely rejected that 

the values used in the analysis of the DC load have been affected by defects in the 

monitoring system. 

The recorded DC load showed a similar daily distribution as the estimated load. All 

lamps that were classified by the users as security lights were estimated to be in use 

at night. In July however, less than half of the installed capacity was operated. The 

refrigerator, requiring AC, was used for 8 to 10 hours per day, giving a yearly energy 

consumption of around 400 kWh. That is a lot for a small refrigerator, compared to 

modern energy efficient models. In estimations, the refrigerator was assumed to use 

60 W for 10 hours a day, which would have given a yearly consumption of 220 kWh 

[1]. Although the power used by the refrigerator was underestimated, the total 

estimated AC power demand was considerably higher than the recorded use of 

energy. The major reason for the difference between the estimated and the needed 



 
 

consumption was that computers, the TV and the copy machine were used much 

less than estimated.  

There are many reasons to expect an increasing energy demand at IDC in the future, 

especially for AC appliances [1]. Simulations have shown that the system could 

supply a somewhat increased load, although it would be too small to supply the 

highest considered energy demand. It would be beneficial to increase the power 

generation either by applying more PV modules to the system, or by reconnecting the 

diesel generator [4].  

The analysis of system performance showed a BOS efficiency of 0.78-0.80, which is 

high taking into consideration that batteries alone have losses of around 20% and 

inverters around 10%. The analysis was though done over a limited time period, and 

evaluations based on data from a full year may show a different result. A possible 

explanation of the high BOS efficiency is also that power generation and 

consumption to a large extent occurred at the same time of the day, reducing the use 

of storage and hence the losses in the batteries. Another positive impact on the 

system efficiency may have been the separation of the distribution network into DC 

and AC sections, limiting the need to operate the inverter far below the rated power. 
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