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Abstract 

This thesis focuses on using photovoltaic produced electricity to power air conditioners in 
a tropical climate. The study takes place in Surabaya, Indonesia at two different locations the 
classroom, located at the UBAYA campus and the home office, 10 km away. Indonesia has 
an average solar irradiation of about 4.8 kWh/m²/day (PWC Indonesia, 2013) which is for 
ideal conditions for these tests.  
At the home office, tests were conducted on different photovoltaic systems. A series of 
measuring devices recorded the performance of the 800 W PV system and the consumption 
of the 1.35 kW air conditioner (cooling capacity). To have an off grid system many of the 
components need to be oversized. The inverter has to be oversized to meet the startup load 
of the air conditioner, which can be 3 to 8 times the operating power (Rozenblat, 2013). 
High energy consumption of the air conditioner would require a large battery storage to 
provide one day of autonomy. The PV systems output must at least match the consumption 
of the air conditioner. 
A grid connect system provides a much better solution with the 800 W PV system providing 
80 % of the 3.5 kWh load of the air conditioner, the other 20 % coming from the grid during 
periods of low irradiation. In this system the startup load is provided by the grid so the 
inverter does not need to be oversized. With the grid-connected system, the PV panel’s 
production does not need to match the consumption of the air conditioner, although a 
smaller PV array will mean a smaller percentage of the load will be covered by PV.  
Using the results from the home office tests and results from measurements made in the 
classroom. Two different PV systems (8 kW and 12 kW) were simulated to power both the 
current air conditioners (COP 2.78) and new air conditioners (COP 4.0). The payback period 
of the systems can vary greatly depending on if a feed in tariff is awarded or not. If the feed 
in tariff is awarded the best system is the 12 kW system, with a payback period of 4.3 years 
and a levelized cost of energy at -3,334 IDR/kWh. If the feed in tariff is not granted then 
the 8 kW system is the best choice with a lower payback period and lower levelized cost of 
energy than the 12 kW system under the same conditions. 
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USD  US Dollar 
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1 Introduction  
With an ever-increasing energy demand we are now facing a global energy crisis. World 
population now exceeds 7 billion and is increasing rapidly. There is a continued dependence 
on fossil fuels, leading to high levels of greenhouse gasses which if not reduced will cause 
an increase in global temperatures and climate change. Renewable energy such as solar can 
reduce the need to burn fossil fuels and in turn reduce the amount of greenhouse gasses 
being released into the atmosphere. To promote the use of solar energy new innovative 
solutions must be created in both engineering and policy. 
Air conditioners are becoming more common and are a major strain on energy demands 
especially in tropical climate countries like Indonesia where air conditioning is used all year 
round. Up to 50 % of buildings energy use can be from air conditioning in subtropical 
regions (Fong, et al., 2010). Daikin, as one of the market leading air conditioning companies 
in Indonesia, estimated in 2012 the rate of households using air conditioning to 10 to 15 %. 
This rate is expected to increase continuously. Daikin forecast to double their sales in the air 
conditioning market in 2016 compared to 2010 (Daikin Airconditioning Indonesia, 2012). 
Indonesia's continued economic growth of just under 6.0 % GDP in the last recent years 
(2008 – 2012) and a growing population with increasing energy demand per person sum up 
into a total electricity increase of 7 to 9 % per year. This growth is expected to hold on the 
next 10 to 15 years. Even though the installed electricity capacity has increased by more than 
25 % in the last 10 years, the increasing energy demand is faster than the capacity growth 
and causes more and more problems to the Indonesian power supply (PWC Indonesia, 
2010). According to the “Indonesian Electricity Investment and Taxation Guide 2011” 
Indonesia is struggling to provide their electricity for their current needs. Blackouts and 
weaker grid networks are the results in electrified areas, which hits the local industry hard. 
In Indonesia the average solar irradiation stays high over the whole year and is about 4.8 
kWh/m², day (PWC Indonesia, 2013). Temperatures hardly vary either and have an average 
high of 30 °C during dry season (May to October) and 32 °C during wet season (November 
to April) (World Weather Online, 2015). With such high cooling demands and high solar 
potential Indonesia is the perfect location to test the possibility of using air conditioners and 
photovoltaic energy together. 
This thesis will be done in conjunction with UBAYA University (Universitas Surabaya) in 
Surabaya, Indonesia. Guest lecturers travel to and from Dalarna University and UBAYA 
University each year. Past Dalarna University students have also completed their thesis at 
UBAYA. 
Surabaya is located at the coast on the east side of Java very close to the equator. Surabaya 
represents a tropical climate very well, that means the presented system solutions can be 
adopted to other cities and countries with similar weather. 
The peak times for using air conditioning for schools and offices is during the day when the 
temperature is the highest. PV’s peak times are also during the day when the sun at its 
strongest. This paper will explore the interaction between PV and air conditioning and how 
this can be exploited for schools and offices. 
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1.1 Aims 

The aim of this thesis is to study and suggest solutions for a PV powered air conditioning 
system in a classroom/ office located in a tropical country as Indonesia. 
 

1.2 Method  

The study will focus on air conditioning use in schools and offices whose use is from 07:30 
to 17:30. This coincides with photovoltaic production hours which are during daylight hours 
(in Surabaya 05:30 to 17:30 roughly). An office with a PV system installed at the home of 
Mr. Elieser Tarigan will provide the testing location for different systems. A classroom at 
UBAYA will be the location that the PV system will be designed for. Below is a description 
of the methodology that will be used in this study. 

 
Analysis of office system   
A performance evaluation of the office system shall be done to give a better insight into how 
PV powered air conditioners work. An evaluation of the entire system shall be done from 
the PV side (including modules, inverter, batteries, charge controller, etc.) to the air 
conditioner side (including start up power, operating power etc.) to the load (including user 
behaviour, temperature, weather data).    
Analysis of load profile   
To design a system, an accurate load profile is essential. Data from energy meters, 
temperature sensors, a user behaviour analysis and weather data will give a clear picture of 
the cooling load. An energy meter installed in the classroom will give the electrical load 
needed to power the air conditioner.  
Research of different possible systems 
In this section the possibility of different systems will be researched. What systems could be 
used and which system is the best for the task. This will include grid connected and off grid 
systems, also AC and DC air condition systems.  
Simulate different systems 
Different systems will be simulated using PVsyst as well as calculation by hand. Here 
modules, inverters, batteries etc. will be sized. 
Evaluation of chosen system 
A complete evaluation of the chosen system will be done. This will include an electrical 
evaluation, showing performance and power consumption etc. An economical evaluation 
will provide payback period and levelized costs. 

 
Experimental Method  
A data logger and a series of measurement devices will be used to record the production of 
the office PV system. Voltage dividers and resistors will be used to measure the direct current 
coming from the panels. This gives the exact production of the panels before power is lost 
through charger controllers or inverters. Energy meters are used on the AC side to show 
how efficient the conversion is to AC, to measure energy used by the air conditioner and 
grid. Thermocouples will measure ambient and internal temperatures to show how well the 
air conditioners are working. A pyranometer set up beside the PV panels will give the 
radiation reading, which shows PV and system efficiency.  

 
The measurements will be conducted over a number of days and the data from the logger 
will be analysed. Using this information the performance of the system can be judged. 
Important measurements and calculations will be the energy consumption of the air 
conditioner, performance of the air conditioner, production of the PV panels, and efficiency 
of system (including charge controllers, batteries and inverters). 

 
Correct sizing of the air conditioner is important and so the load profile of the air 
conditioner and the user behaviour will analysed. An energy logger will be used to measure 
the load profile of the air conditioners. The air conditioners will run during regular office 
hours of 7:30 to 17:30. The same method of measuring the load will be used for both the 
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office and classroom systems. The user behaviour profile will analyse the indoor and ambient 
temperature, heat gains of the room, number of people using the room etc. A detailed load 
profile used together with the user behaviour profile will allow for accurate sizing of the air 
conditioner. 

 
To get the correct sizing of the PV system, data from the weather station installed at UBAYA 
will be used together with the load profile of the air conditioners. 
 

1.3 Background 

Electrical Energy situation in Indonesia 
Figure 1 displays the population of Indonesia and other South-East Asian countries 
compared to the installed generating electricity capacity (PWC Indonesia, 2013). Indonesia 
as fourth most populated country in the world (250 Mio. in 2013) has compared to the 
population a very low installed capacity of just 41 GW (PLN, 2012). PLN (Perusahaan Listrik 
Negara) is the state owned electricity company that has a monopoly with 32 GW out of 36 
GW installed capacity (PLN, 2012). It operates more than 5000 power plants with an average 
capacity of 5 MW (GIZ GmbH, 2014). 
The low installed capacity combined with the amount of people and the difficulties in 
distributing the energy to rural areas as well as to around 920 inhabited islands makes it 
difficult to provide electricity to everybody. The electrification ratio therefore was 73 % in 
2012 much lower compared to other countries with similar income. Even though the 
electricity demand increases between 7 and 9 % per year, the government aims to reach 86 
% electrification ratio by 2016 (PLN, 2012). 

 
Figure 1: Installed capacity vs population (2012) (PWC Indonesia, 2013) 

In order to cover the future energy needs the Ministry of Energy and Mineral Resources of 
Republic of Indonesia (MEMR) has announced two major aims. First, the increase of 
efficiency for energy supply (power plants) and energy demand (industry and residential). 
Secondly, a diversification of other new energies and the increase of renewable energies. The 
primary energy situation contains 5 % non-fossil energy (NRE) in 2012 (MEMR, 2014). The 
target until 2025 is to increase this section to 17 % whereas solar energy is only a part of that 
(see Figure 2). 
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Figure 2: Primary Energy Mix in Indonesia 2012 and 2025 (MEMR, 2014) 

 
Electricity tariffs in Indonesia 
The electricity price in Indonesia is controlled and subsidised by the government, even 
though it increases a lot. Residential customers pay 1352 IDR/kWh (less than 0.10 €) (from 
1300 VA connection power and higher) to the market dominating electricity utility PLN 
since the beginning of 2015 (PLN, 2015). Including a fee the electricity price is about 1500 
IDR/kWh in total according to an interview with Tarigan (2015), professor at the electrical 
department at UBAYA University Surabaya. Compared to that was the total electricity price 
two years ago (2013) at about 900 IDR/kWh. 
Less populated and more isolated areas of the country that have no electricity access from 
PLN either have no electricity access at all or pay up to 10,000 IDR/kWh to a different 
utility supplier (GIZ GmbH, 2014) 

 
Photovoltaic development 
The potential of photovoltaic energy in Indonesia is immense. Solar irradiation in Indonesia 
lies about 4.8 kWh/m²/day all year around (PWC Indonesia, 2013). 
PV can lower the energy demand from the grid and will defuse the tense energy situation in 
the country. Furthermore, it helps electrifying rural areas and remote islands, where it already 
is cost competitive (PWC Indonesia, 2013). 
In 2014, the installed PV capacity in Indonesia was 43 MW (MEMR, 2014), which 
corresponds to 0.1 % of the total electrical capacity. Germany for example has an installed 
PV capacity of 38 GW (Frauenhofer ISE, 2015), which is 21.3 % of their installed electrical 
capacity. High ecological goals, subsidies for photovoltaic (installation and feed in tariff) and 
the high electricity price (more than 0.20 €/kWh, equivalent to 2800 IDR/kWh) pushed the 
PV market in Germany a lot. Indonesia is starting to get there as well, but is still in an early 
stage. Back in 2006 were only about 4 MW PV power installed (Developing Renewables, 
2006), so the change in Indonesia has started. According to the PLN 10 year power plan 
from 2012 additional 0.6 GW PV capacity until 2022 are planned (GIZ GmbH, 2014). 
Different PV programs are ongoing like the “1000 Islands Centralised PV Program” with 
245 MW capacity and the “Communal PV program that plans to build 400,000 PV 
household systems (PWC Indonesia, 2013). 
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Feed in tariff 
The Ministry of Energy and Mineral Resource (MEMR) issued Regulation 17/2013 
introducing among other things a feed in tariff for photovoltaic systems (Hadiputranto, 
Hadinoto & Partners, 2013). The ceiling feed in tariff is 0.30 USD/kWh when a minimum 
of 40 % of the PV modules contain local components and 0.25 USD/kWh when this 
requirement is not fulfilled. PLN is only allowed to purchase electricity from bidders, who 
have won capacity quota against other bidders. Capacity quota hereby is the maximum PV 
capacity, which is allowed to interconnect with PLN’s grid. Table 1 displays an example for 
the ranking of the bidders. The one with the lowest adjusted bid is the winner. The 
adjustment is 0.05 USD/kWh for bidders who fulfil the minimum of 40 % local components 
for PV modules. 
 
Table 1: Bidding for capacity quota (Hadiputranto, Hadinoto & Partners, 2013) 

Bidder Minimum 40 % 
local components 
for PV modules 

Bid tariff Adjusted Bid (minus 
0.05USD/kWh if 
policy fulfilled) 

Ranking 
based on 

adjusted bid 

Bidder A Fulfilled 0.27 USD/kWh 0.22 USD/kWh 2 

Bidder B Not fulfilled 0.22 USD/kWh 0.22 USD/kWh 2 

Bidder C Not fulfilled 0.21 USD/kWh 0.21 USD/kWh 1 

Bidder D Fulfilled 0.28 USD/kWh 0.23 USD/kWh 3 

 
In this example will bidder C be the winner and can sell electricity to PLN with his suggested 
tariff of 0.21 USD/kWh. The capacity quota will be issued each year by the Directorate 
General of Renewable Energy and Energy Conservation (EBTKE) (Hadiputranto, 
Hadinoto & Partners, 2013). In 2013 and 2014 was the capacity quota 140 MW spread over 
80 locations (MEMR, 2014). Further information on the locations could not be found. 
Neither could be information found of what the minimum PV capacity is in order to sell 
electricity. 
The feed in tariff is quite high and gives incentive to invest in PV systems in Indonesia. 
Hereby must be paid attention to the fact that the feed in tariff remains constant and will 
apply for the period of 20 years. Because it is not certain to get the feed in tariff, economical 
calculations in chapter 5.4 are calculated both with and without feed in tariff. 

 
1.4 Previous work 

It was difficult to find many papers that have looked into the interaction between air 
conditioners and photovoltaic electricity. Most research conducted had been in other areas 
such as solar cooling, like absorption and adsorption. These papers still proved to be 
beneficial when it came to sizing methods, as seen below. Although not too much was found 
on photovoltaic powered air conditioners one paper in particular was similar, this paper is 
also explained below.   
The article by Dauta, et al. (2013) focuses on the design and construction of a direct current 
(DC) air conditioning system integrated with photovoltaic (PV) system. No DC system was 
constructed but it contained a breakdown of all vital components for both the air 
conditioner and PV system.  
(Tsoutsos, et al., 2009) uses a different type of cooling technology but provided a detailed 
insight into the methodology of designing and sizing a solar cooling system. Not all of these 
steps can be repeated as the design is for a solar absorption cooling system but it is a good 
guideline to follow when planning our design process. 
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(i) Collection of the required meteorological data of the examined area. 
(ii) Study of the maximum, minimum and average heating and cooling energy 

demands of the building, for determining the technical characteristics of the 
system. 

(iii) Selection of the solar cooling technology to be applied. 
(iv) Sizing study of the solar assisted air conditioning 
(v) Carry out studies on optimized solutions for the solar fraction 
(vi) Economical evaluation of optimized solutions 
(vii) Optimization of the system and final remarks 

 
(Aguilara, et al., 2013) Studied the possibility of using photovoltaic panels to produce 
electricity that is used to power the compressor of an inverter air conditioning unit, without 
the use of batteries or any inverter regulators. The research in this paper shows promising 
results with up to 65% solar contribution during summer months in Alicante, Spain. In this 
study an inverter air conditioner is connected to both the grid and photovoltaic panels. One 
advantage of using an inverter air conditioner is that it uses direct current components 
meaning the direct current produced by the photovoltaics can be used. An inverter is not 
needed to convert the direct current of the photovoltaics to alternating current, this reduces 
cost and increases efficiency. This is a big advantage but to use any excess electricity from 
the photovoltaics, for example to the grid, an inverter must be used.   
More detailed information on system components and set up would have been beneficial 
but detailed analysis of the results provide a good guideline to follow and a good reference 
to compare our results.  
 

2 Theoretical Background 

Chapter 2 will provide a theoretical background of the most vital components of the project. 
This will range from the types of air conditioners considered to photovoltaic systems that 
can be used to the different inverter types. Additionally there will be an analysis of the 
weather data provided by a weather station located in the UBAYA campus. A clear 
understanding of these topics is necessary before continuing with the design process. 
 

2.1 Air Conditioner Principle 

Most air conditioners used in Indonesia are split-air conditioners, which consists out of an 
indoor evaporative unit and an outdoor condensing unit. The working principle is the same as 
in an air/air heat pump with a hot- and a cold side. Whereas heat is rejected from inside to 
outside under using of electricity for operating a compressor and two fans. The transport 
medium is the refrigerant which evaporates at temperatures below room temperature at the 
inside unit. Heat energy is needed to evaporate the refrigerant until all liquid inside the 
evaporator has changed into vapour. A compressor in the outside unit will raise the pressure 
and with it the temperature of the vaporised refrigerant higher than the ambient temperature. 
At this point, the stored heat can be automatically rejected to the outside by condensing the 
refrigerant back into liquid. An expansion valve releases pressure and with it the temperature 
at the indoor unit back to the starting point. Fans on both sides support the heat transfer. 
The advantage of using this cycle is that more cooling capacity can be provided as electricity 
power it needed. This is described in the coefficient of performance (COP), which is in our 
case 2.78 for the classroom air conditioners and 3.97 for the office air conditioner (See 
appendix H and appendix G for air conditioner data sheets). Figure 3 displays the cycle 
process of air conditioning cooling. 
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Figure 3: Air conditioning principle of cooling (Complete HVAC Services, 2015) 

 

2.2 Air Conditioner Types 

2.2.1. AC air conditioning system 

The most common air conditioning systems are AC (alternating current) air conditioning 
systems and these are the systems that are used in both the classroom and the office for our 
experiments. This type of system is the cheapest and most widely available type of air 
conditioner but it has its drawbacks as well. It uses alternating current (AC) only and has a 
large start up power which can be 3 to 8 times the operating power (Rozenblat, 2013).  
The large start-up power is a big disadvantage when trying to design a solar system to power 
the air conditioner. To meet the start-up power of the air conditioner the inverter will need 
to be strongly over-sized which will reduce the efficiency of the inverter. Over sizing the 
inverter will also increase the cost. If it is a system without batteries then the PV panels will 
also need to be strongly over-sized to meet the demand.  
These disadvantages are very significant but these systems are by far the most common in 
use today. If a viable low cost solar solution is to be designed then it has to be compatible 
with this type of system. With a lifetime of 12 years (Mahlia et al., 2001) it is not economically 
feasible to propose that these working air conditioners be changed before they need to be. 
A solar energy system used to power an AC air conditioner would typically have solar panels, 
charge controllers, batteries and inverter. 

2.2.2. DC air conditioning system 

Direct current (DC) air conditioning systems have been in use for some time with industrial 
and commercial applications for companies like “SUN POWER TECHNOLOGIES” or 
“DCairco” but are becoming more and more common, especially for use with solar energy. 
All components in the DC air conditioning systems such as compressors, fan motors, 
solenoids, valves etc. are powered by direct current.  
Because solar panels produce direct current (DC) it can be fed directly to the air conditioner. 
This eliminates the use of an inverter, which can reduce cost and increase efficiency. The 
main component changes come from the compressor and the fan motors.  
The fan motors used are brushless DC (BLDC) motors which have a higher efficiency than 
AC motors especially at low speeds (Hotspot Energy, 2010). These BLDC motors are 
variable speed which gives better control over airflow.  
The main component change is the compressor which uses the majority of the power 
consumed by an air conditioner. DC compressors are much more efficient than AC 
compressors and by using a “soft start” they greatly reduce the high start-up power that 
leads to inverter and PV over sizing (Hotspot Energy, 2010).  
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Direct current (DC) air conditioning systems are mostly used in off grid applications. While 
the air conditioning systems are efficient and the panel size can be reduced, large battery 
banks are needed to maintain the use of the system during the night or days of low PV 
production. Lead acid batteries are very expensive and usually need to be changed every 8 
years depending on the number of cycles and depth of discharge (Layadi, et al., 2015), 
making the cost and maintenance level increase greatly. 

2.2.3. Inverter air conditioning system 

Regular air conditioning units are fixed speed, meaning that the compressor motor is either 
on or off.  The compressor will run until the set temperature is reached and will then turn 
off until the temperature rises above a certain level where the compressor will start again 
until the set temperature is reached again. This cycle is repeated over and over as long as the 
air conditioner is running. This stop start cycle means there is high energy usage in the air 
conditioner and high fluctuations in the temperature (Bijlibachao, 2015).   
An inverter air conditioning system has a variable speed compressor which can increase or 
decrease its speed to hold the set temperature. The compressor will be constantly running 
but mostly at slow speeds to maintain the desired temperature. Running the compressor at 
a constant slow speed is more efficient than having an AC compressor. This greatly reduces 
the number of start-ups required, thus reducing the energy needed to power the air 
conditioner (Bijlibachao, 2015). Because the inverter air conditioner holds the set 
temperature, it gives a greater level of comfort in the room being cooled (see Figure 4).  
An inverter air conditioner is similar to a DC air conditioner. The same direct current 
brushless motors and compressors are used but the inverter air conditioner uses a rectifier 
to convert the AC to DC whereas the DC air conditioner uses the DC directly. (Yurtseven 
et al., 2013) compared inverter and non-inverter air conditioners and found there to be an 
increase in efficiency varying from 11 % to 38 %.  

 
 Using a gradual start means much lower start-up current.  
 High energy savings. 
 An inverter air conditioner is also much quieter than regular air conditioning units 

because it has less start-ups.  
 Less start-ups mean extended life of the components. 

 
Figure 4: Compares the temperature fluctuation of inverter air conditioners and non-inverter (AC) air 
conditioners. 
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Figure 5: Compares the running time and power inverter air conditioners and non-inverter (AC) air 
conditioners. 

ACDC Hybrid air conditioning system 
This is another type of system on the market which claims to be “unique” by using both 
direct current from solar panels and alternating current as a backup from the grid. It was 
difficult to see exactly what made this product “unique”, even when we directly asked the 
company the response was vague. This simply looks like an inverter air conditioner dressed 
up and sold for a much higher price.  

 
Price comparison for air conditioner types 
In Table 2 is a price list for the different air conditioner types mentioned above. The regular 
AC air conditioner is by far the cheapest. This shows despite its poor efficiency why it is still 
the most common product on the market. The other three types (inverter air conditioner, 
hybrid and dc) all use similar components and have similar prices which can vary depending 
on the source. 

 
Table 2: Air conditioner prices for different types (Walsh, 2015) 

Manufacturer Cooling Capacity Air conditioner type Price 

Panasonic  3.5kW AC Air Conditioner $448 

Panasonic  3.5kW Inverter Air Conditioner $1499 

Securus Air  3.5kW Hybrid Air Conditioner ACDC12 $1695 

Securus Air  3.5kW DC Air Conditioner  $1795 
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2.3 PV systems 

Grid-connected Systems  
In grid connected systems the electricity can be used by the household or fed into the utility 
grid. In many countries a feed in tariff pays the owner for unused electricity fed into the grid. 
The feed in tariff in Indonesia is explained in “Previous Work”. There is no waste in PV 
produced electricity. The system is also less complicated than an off-grid system. There is 
no storage needed so no batteries or charge controllers are used. For this system a grid 
inverter has to be used to match the sine wave of the grid. Another disadvantage of this 
system is that the electricity being used to power the air conditioner will not be 100 % solar 
energy if production and load does not completely match.  
 

Off-grid Systems 
In this system the air conditioning would be completely dependent on solar energy. Two 
options in the off grid systems would be either battery backup or no battery backup.  
 
Off-grid no batteries 
As previously stated the demand of air conditioners in offices and classrooms is during the 
hours of 7:30 to 17:30. This matches the production times of solar energy sunrise to sunset 
which is about 5:30 to 17:30 in Surabaya. Indonesia has an average annual irradiation of 4.8 
kWh/m² per day (PWC Indonesia, 2013). With such large solar potential it should be 
possible to design an off grid system with no batteries. Solar panels would connect to an 
inverter and then to an AC air conditioner. This would be a simple system. With so few 
components it would be easily installed and maintained. With no battery or grid back up this 
system would be completely dependent on the weather. If there was a day with low light 
conditions, the air conditioner would not work properly. To meet the startup power needed 
the panels would have to be greatly oversized which would become very costly canceling 
out the benefit of not having batteries. Additionally the inverter would have to be oversized 
to meet the air conditioner start-up power which would lower the running efficiency of the 
inverter. 
If a DC air conditioner was used instead of an AC one then a direct connection from the 
panels to the air conditioner could be made. Using a DC system would eliminate the need 
for an inverter and the reduced start up power of the DC air conditioner would mean the 
panels would not need to be so oversized. Even though DC would be a better option for 
this off grid system the same disadvantages are there. Too dependent on weather and the 
panels would have to be oversized. 
 
Advantages 

 Very simple system  
 Easy to connect 
 Reliable  

Disadvantages 
 Dependent on weather 
 Would have to be extremely oversized 

 
Off grid with batteries 
An off grid system with batteries makes the system more complicated but gives more 
flexibility in the PV production times. The addition of batteries would mean energy could 
be stored to run the air conditioning units during periods of low light. The batteries could 
also supply the excess power needed for the air conditioner startup.  While these are big 
advantages the disadvantages are also large. Having batteries is a substantial expense, they 
require a dry space to be stored and need to be replaced every on average every 8 years 
(Layadi, et al., 2015). 
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2.4 Inverter types 

An inverter transforms direct current (DC) coming from solar panels or batteries into an 
alternating current (AC) usable for household appliances and the grid.  
On the market many different types of inverters exist. To choose the right type and features 
of the inverter it is important to know what the Balance of System (BOS) looks like and 
what load it should supply. The inverter is part of the BOS. A so-called “solar inverter” is 
an inverter directly connected to photovoltaic panels. A solar inverter can be connected on-
grid or off-grid. In a grid connected system batteries are usually not part of the system, where 
most off grid systems use batteries to store energy. 
If the inverter is only connected to batteries on the DC side, different inverters such as car-
inverters can also be used. Should the inverter be connected directly to the PV panels, the 
solar inverter must match with the PV voltage and input current. The inverter hereby should 
have a maximum power point tracker (MPPT) to obtain always the maximum power from 
the PV panels. If the inverter in addition to the PV panels is also connected to batteries, an 
inbuilt charge controller is a good option but not a must have. Locally connected off grid 
inverters need no special regulations compared to on-grid inverters, which need anti-island 
protection regarding the regulations from Institute of Electrical and Electronics Engineers 
(IEEE) Standard 1547 (Dame, et al., 2005). That means on-grid inverters will shut off in the 
event of blackout from the grid. Other special battery backup inverters are able to power 
certain loads in the event of blackout, but cannot be fed into the grid then. 

2.4.1. Inverter output signal 

What output signal should an inverter have to match the load? 
Figure 6 displays all kinds of waveform output signals of inverters. Voltage and current are 
supposed to alternate with a frequency of 50 Hz independent of the waveform. 

 

 
Figure 6: Wave forms of inverter (Nasir, 2012) 

Square wave inverter 
A square wave inverter is out of date and not on the market any more. Voltage and current 
switches only between plus and minus. Motors and transformers will not work on a square 
waveform signal. Only resistive load can handle this input signal. (Nasir, 2012) 

 
Modified square wave inverter 
Better than the square wave inverter is a modified square wave inverter, which is in principle 
the same, only switches to zero for a time between alternating. It is not recommended to 
use electronic equipment and motors on such a signal. Their efficiency will be lower and 
their lifetime shorter. (Nasir, 2012) 
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Modified sine wave inverter 
A modified sine wave is close to the pure sine wave. Resistive loads and most electrical 
devices can work with such an input signal, but it is still not recommended for motors and 
sensible electronic equipment. They tend to overheat, make abnormal noises and work on 
lower efficiencies. Air conditioners might not start or could breakdown. Modified sine wave 
inverters are disappearing more and more from the market as pure sine wave inverter 
technology improves and with it the price drops. Modified sine wave inverter are still 
cheaper, but the price difference is small (Wilson, 2011). Reason for the higher price of pure 
sine wave inverters is the inbuilt pulse width modulation (PWM). 

 
Pure sine wave inverter 
The pure or true sine wave is the waveform of the grid and has the highest quality. An 
inverter with a pure sine wave signal can power all kinds of loads without harming them 
(Nasir, 2012). The sinus wave is created through PWM, where the DC signal is supplied in 
a very high frequency with different fractions of a time. Figure 7 shows the principle of 
PWM. 

 

 
Figure 7: Pulse Width Modulation (PWM) (McFadyen, 2012) 

2.4.2. Off-grid inverter 

As the name implies, these inverters work off-grid, so are neither grid connected nor allowed 
to connect to the grid. That makes the AC circuit, which they are connected to, not only 
small but also primarily independent of the grid. That means: 

1. It can supply AC power anywhere in the world 
2. It will continue powering in case of power cut in the grid. 
3. The quality of the output signal of the inverter can then be freely chosen depending 

on the requirements of the load. 
Off grid inverters are a typically used in solar applications when no feed into the grid is 
desired. 

2.4.3. On-grid inverter 

On grid inverters or grid-tie inverters feed into the utility grid. To do so, the inverter needs 
to detect and synchronise to the grid in frequency and phase as part of feed-in regulations. 
The inverter output must also be pure sinewave. The frequency from the grid changes and 
the inverter must adopt that. To keep the grid stable the inverter must power off in case the 
frequency goes too high or too low.  
One very important safety feature every grid tied inverter must have, according to the 
Institute of Electrical and Electronics Engineers (IEEE) Standard 1547, is anti-island 
protection (Dame, et al., 2005). Inverters must shut off in the event of blackout, so they will 
not feed into the grid. This is to protect line workers, who are send to fix the grid network. 
The PV system produced energy will be used at the nearest load(s) at the time. If there is a 
load before the energy is feed into the grid it will lower the electricity demand from the grid. 
Self-used photovoltaic electricity has a high value for network operators as it does not put a 
strain on the grid and reduces transmission losses. 
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2.4.4. Efficiency of solar inverters 

The efficiency of a solar inverter depends very much on the DC input power to the inverter. 
The input power from the connected PV modules are dependent again on the light 
conditions. The lower the radiation is the lower the input power to the inverter is and vice 
versa. That means the inverter needs to handle any input power from the modules. 
Each inverter has a defined rated AC output power that equals to 100 % output power. 
Figure 8 shows a typical efficiency curve over output power in percent. It is clear to see that 
the maximum efficiency only occurs at one point and is therefore not meaningful enough to 
judge the inverter. There are two standards to make inverters comparable and accurate for 
simulations. Both, the Euro efficiency and the California Energy Commission (CEC) 
efficiency calculate a weighted average efficiency depending on representing light conditions. 
Low light conditions happen much more often in middle Europe than in California and high 
radiation conditions occur more often in California than in middle Europe. This is 
considered in the equations below. For example will the same inverter work 6 % of the time 
with 10 % output power in mid Europe and with 4 % of the time in California. How these 
efficiencies are calculated show equation ( 1 ) and ( 2 ) (Martin II, 2011). 

 
 Euro efficiency – weighted average efficiency under typical middle European light 

conditions. This gives a reliable average efficiency of a solar inverter installed under 
middle European light conditions. 

 

𝜂𝐸𝑈𝑅𝑂 = 0.03 ∗ 𝜂5% + 0.06 ∗ 𝜂10% + 0.13 ∗ 𝜂20% + 0.10 ∗ 𝜂30%

+ 0.48 ∗ 𝜂50% + 0.20 ∗ 𝜂100% 
( 1 ) 

 

 
 California Energy Commission (CEC) - weighted average efficiency for stronger 

irradiance in sunny regions. The CEC efficiency does in addition also take a mean 
value over three different voltages. 

 

𝜂𝐶𝐸𝐶 =
1

3
∑(0.04 ∗ 𝜂10% + 0.05 ∗ 𝜂20% + 0.12 ∗ 𝜂30% + 0.21 ∗ 𝜂50%

3

𝑖=1

+ 0.53 ∗ 𝜂75% + 0.05 ∗ 𝜂100%) |𝑉𝑖 

 
(𝑉1 = 𝑉𝑀𝑝𝑝,𝑚𝑖𝑛; 𝑉2 = 𝑉𝑀𝑝𝑝,𝑟𝑎𝑡𝑒𝑑;  𝑉3 = 𝑉𝑀𝑝𝑝,𝑚𝑎𝑥) 

 ( 2 ) 

 
Figure 8: Efficiency curve over power ratio, Sunny boy 2100TL Inverter (SMA Solar Technology, 2002) 
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2.4.5. Sizing inverters 

Solar inverters (PV connected; on- or off-grid) 
Solar inverters should be sized to work with the highest possible average efficiency. That 
means the total energy output over the designed period should be as high as possible. An 
average efficiency is what the previously introduced efficiency standards (Euro and CEC 
efficiency) over a typical year represent. Inverter installed in regions with low light conditions 
should rather be undersized than oversized. This is to move the peak efficiency of the curve 
to an output power where most energy is gained. On the other hand should inverters be 
oversized in sunny regions. The reason is the same, namely to move the peak efficiency to 
powers where most energy is gained. 
The total AC energy output of a PV system depends also, on how many PV panels are 
connected per inverter. Has each panel its own inverter the inverter is called “microinverter” 
or “module inverter”. The advantage here is that each panel can work in the maximum 
power point. Under partial shading conditions produces a system with microinverters 26 % 
more power in average compared to a PV system with a central inverter (Lee & Raichle, 
2011). Only one inverter is connected to all PV panels with central inverters. The advantage 
of central inverters are lower investment costs compared to microinverters. 
A solution in between micro- and central inverters are “string inverters”. String inverters 
have been established successfully. A string inverter is connected to a number of PV panels 
that most likely faces the same shading at the same time. The less strings are affected by 
shading at a time the higher the total system efficiency is. Shading analysis helps configuring 
the strings.  
 
The inverters sizing depends on the number of PV panels connected. 
From the PV panels must be known: 

 Number of panels 
 Connection of the panels (parallel and or series) 
 Maximum DC power 
 Maximum current 
 Minimum and maximum voltage 
 Minimum and maximum MPP voltage 

As already mentioned, PV array and connected inverter must match in voltage and current.  
Figure 9 gives an idea of matching PV panels and inverter. It shows two IV curves of the 
connected PV array (in green). The blue and red lines are the inverters limitations 
(Vmin=Vmpp,min; Vabs,max and Inv Imax) in which the IV curve of the panels must lie. The inverter 
can track the maximum power point in between Vmpp,min and Vmpp,max. The maximum DC 
input power (Inv Pmax DC) of the inverter is displayed as curved dashed line. 

 

 
Figure 9: Example - PV and Inverter match in I-V Diagram (PVsyst design software) 
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Off grid inverters 
Off grid inverters, can also be a solar inverter, have no back up from the grid and must be 
able to power all planned appliances by itself. The rated power of the inverter must be at 
least the operating power of the planned load. Inverters can also release a much higher power 
for a short time, which can be twice as high. Sometimes manufacturers state for how long 
the inverter can release power for different output powers higher than the rated power. The 
peak power of an inverter is stated by manufacturers in watts. But this power can only be 
supplied to resistive loads with a power factor cos φ = 1. Is the power factor much lower, 
like for compressors in air conditioners, is it much better to look for the surge current of 
the inverter. As the current is the crucial factor which puts a strain on the inverter. The start-
up power (apparent power, not true power) is typically 3 to 8 times higher than the operating 
power for air conditioners and with it the current (Rozenblat, 2013). This needs to be 
considered when sizing an inverter. 

 
2.5 Weather data 

Weather data from weather station at UBAYA 
Two years ago, a small weather station was installed on a roof of one of the main buildings 
at UBAYA’s campus. The weather data is recorded each minute measuring ambient 
temperature, relative humidity, pressure, wind speed and direction, precipitation and solar 
radiation. This data will give us information on how to design a PV powered air conditioning 
system for the classroom at the campus. It will also give us a weather trend for the office, 
which is about 10 km away from the campus. 
Good weather data is one of the fundamental needs for sizing PV systems and powering air 
conditioners. Referring to Küchler (2013) UBAYA’s weather station is measuring correctly 
and is currently calibrated. Under these circumstances only the weather data from the 
University is used as it is reliable and at exactly the same location where the PV system is 
going to be designed. 
All weather data displayed in this chapter is very similar to online weather sources in 
magnitude and trend over the year. Here the weather data from UBAYA’s weather station 
is used, because it has a high resolution and is exactly at the same place where the system 
design is planned.  
The weather data needed for analysing and sizing a PV coupled air conditioning system is 
during the day, as cooling demand for offices and schools is only at daytime and solar 
irradiation of course as well. Therefore, the existing weather data was analysed over daytime 
from 5:00 to 18:00. Figure 10 shows average monthly values for daytime temperature and 
daytime humidity at UBAYA’s campus for 2014. Temperatures are at high values all year 
long and vary only very little. Coldest months are January, July and August with around 28 
°C and the hottest months are October and November with around 31 °C. The daytime 
humidity is with 60 to 80 % in average also very high around the year. During the dry season 
(July to October) it is in general less humid than during the rainy season (November to June). 
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Figure 10: Temperature and humidity data from UBAYA's weather station 2014 

 
Figure 11 displays the comfort zone in 
which people consider the room air 
conditions as pleasant or comfortable. 
Room temperatures should therefore be in 
between 18 and 24 °C dependent on the 
humidity. The optimal relative humidity is in 
between 35 and 70 %. In addition to that, 
people feel higher temperatures more 
comfortable with a lower humidity than with 
a higher humidity. The further the air 
conditions are out of that zone the more 
uncomfortable it is for people. But the 
temperature difference between inside and 
outside should not exceed 6 K for health 
reasons (Kelm, 2011). With average daytime 
temperatures of 28 to 31 °C has Surabaya 
much higher temperatures than in the 
comfort zone. 

Figure 11: Comfort zone in dependence of temperature and humidity (Stahl, 2013) 
 
Relative humidity’s of 60 to 80 % in Surabaya does not sound so high, but in combination 
with the high temperatures they are.  
These air conditions in Surabaya, Indonesia and other tropical locations affect people’s 
comfort and lowers the power of concentration. Air conditioning is therefore essential in 
schools and offices. 
The relative humidity is temperature dependent. It represents the ratio of the absolute water 
content in the air to the maximum possible water content at the same temperature. The 
higher the air temperature the more water the air can hold and vice versa. That means if the 
air gets cooled down by the air conditioners the relative humidity increases. To not end up 
with even higher relative humidity’s, air conditioners also dehumidify the air by condensing 
water. That costs in addition to cool the air extra energy for dehumidifying. How much 
energy is needed to cool a room is described in chapter 3.4 “Air conditioner sizing ”. 
Figure 12 displays the measured irradiation and rainfall at UBAYA’s campus in 2014. The 
irradiation (solar energy received from the sun) on a horizontal surface is between 4 to 6 
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kWh/(m²*day) all year around. The amount of rain between 5:00 and 18:00 reaches up to 
226 mm in April. From August to November was no rainfall record during daytime, here 
the irradiation was by trend a bit higher than in average. With such a constant high 
irradiation, photovoltaic systems would produce a great amount of electricity. 
.

 
Figure 12: Irradiation and rain data from UBAYA's weather station 2014 

 

3 Classroom system 
One of the tasks of this thesis work is to size and design a PV system to provide energy to 
air conditioners for the classroom TF 2.2 on UBAYA campus one. To make a precise design 
both the air conditioners and solar system must be sized correctly. 
A user behaviour profile will be created and the performance of the air conditioners will be 
measured.  The user profile will show a typical day in the classroom. This will include the 
internal gains, the external gains and the operating profile of the air conditioners. These 
measurements will determine the size of the air conditioners needed to cool the classroom. 
Once the air conditioner load is know the size of the PV system can also be determined. 
The classroom used for the design is the biggest classroom in UBAYA campus with a 
capacity of 100 students. Inside there are three air conditioners, which are operate during 
class. Figure 13 shows the classroom with 2 of 3 air conditioners in the upper left corner of 
the picture. 
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Figure 13: Classroom TF 2.2 at UBAYA University 

 

3.1 Equipment used 

This chapter introduces the air conditioners and used measurement equipment in the 
classroom. Table 3 at the end of this chapter gives an overview over all components with 
characteristic data. Detailed information to all components can be seen in: 

 Air conditioner  ⇒ Appendix H 

 Handheld datalogger ⇒ Appendix D 

 Energy meter (EM 2) ⇒ Appendix A 

 Energy meter (EM 1+3) ⇒ Appendix B 

 
Air conditioner 
In the classroom are three split type Toshiba RAS-18UAX2 air conditioners. Each air 
conditioner has a operating power of 1.87 kW and a cooling capacity of 5.2 kW. These are 
AC (alternating current) air conditioners with a COP of 2.78. The air conditioners are well 
maintained and in good working order. Figure 14 shows the indoor evaporative unit in the 
classroom. 
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Figure 14: One of three air conditioners at the classroom. Each with a cooling capacity of 
5.2 kW. 
 
Datalogger 
An OMEGA OM-DQPRO-5300 portable handheld datalogger was used to record the 
internal classroom temperature. To record the temperature the internal sensor was used 
which has a range of -25 to 70 ºC this range is much smaller than a thermocouple but big 
enough for the measurement needed. More importantly, it has a high accuracy of ± 0.3 K. 

 
Energy logger (EM 2) 
To record the energy used by the air conditioners we used a Voltcraft plus energy logger 
3500. This is very easily installed, the appliance being used can be simply plugged into the 
logger. It uses a SD card to record the data and the software provided easily displays the 
data. 

 
Energy meter (EM 1 and EM 3) 
A WANF energy meter was used. Similar to the Voltcraft this energy meter can be plugged 
into the socket for easy use. This energy meter measures accumulative values and does not 
have a record function. 
 
Table 3: Table of components used in Classroom 

Component  Brand  Model Size  Other 

Air Conditioning 
Unit Toshiba RAS-18UAX2 5.2 kW cooling capacity  COP 2.78 

Data Logger Omega 
OM-DQPRO-
5300 Maximum 10 Volt Input 8 Channel Input 

Energy Logger Voltcraft 
Energy logger 
3500 

Max. power 3500 W 
Current 15 A  SD Card memory 

Energy Meter WANF   
Max. power 2000 W 
Current 15 A  

Accumulated 
Value 
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3.2 Measured variables 

Electrical load 
Measuring the electrical load will show exactly how much energy is needed to cool the room, 
this is crucial when it comes to sizing the solar system. To measure the electrical load in the 
classroom, energy meters will be put on the sockets of the air conditioners. From this, we 
can get a daily profile of the energy consumed. 

 
Indoor and ambient temperature  
To measure the indoor temperature the internal temperature sensor of the data logger was 
setup in the classroom. The ambient temperature will be taken from the weather station set 
up by Stefan Küchler. From the indoor and ambient temperature, we hope to see how well 
the air conditioners are working and also the effect of varying internal gains. 

 

3.3 Classroom attendance 

A user behaviour profile will give a detailed view on the internal and external gains of the 
classroom. The internal gains come from people, electronics etc. The number of students is 
taken from the classroom’s timetable. User behaviour can have a large effect on the 
performance of the air conditioners for example if there nobody in the room there will be 
much less internal gains and the air conditioners will reach the set temperature much more 
easily. Table 4 displays the timetable for classroom TF 2.2 with the numbers of students 
signed up for these courses. 
 
Table 4: Timetable for UBAYA's classroom TF 2.2 (number of people in brackets) 

 Time Monday Tuesday Wednesday Thursday Friday 
07.00 - 07.55   Kepemimpin

an  
( 53 ) 

ADBO ( 59 ) 

    

07.55 - 08.50     
Kecerdasan 
Buatan ( 87 ) 

08.50 - 09.45 
K3 ( 63 ) 

Kalkulus I  
( 42 ) 09.45 - 10.40 

Kalkulus II  
( 31 ) 

ADSI ( 41 ) 
10.40 - 11.35 BAHASA 

INGGRIS  
( 66 ) 

Fisika Dasar  
( 48 ) 

  

11.35 - 12.30   

      

13.00 - 13.55 Man. 
Organisasi  
( 76 ) 

Agama 
Protestan  
( 46 ) 

Kewirausahaan  
( 53 ) 

Analisis & 
Peranc. Kerja  
( 57 ) 

Penulisan & 
Present. 
Ilmiah ( 26 ) 

13.55 - 14.50 

14.50 - 15.45   

15.45 - 16.40 Stat  
Industri I 
( 48 ) 

PPI ( 59 ) 

  

MPSI ( 6 ) 
Penulisan & 
Present. 
Ilmiah ( 30 ) 

16.40 - 17.35 Resp. ADBO 
( 10 -20 ) 17.35 - 18.30 

18.30 - 19.25 Resp. 
Kalkulus II 
( 10 - 20 ) 

    Resp. 
Kalkulus II  
( 10 - 20 ) 

  

19.25 - 20.20 
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3.4 Air conditioner sizing procedure 

The sizing procedure explained below is just an estimation of the needed cooling capacity 
for the air conditioners in the classroom. The calculations are based on the cooling load 
calculations after VDI 2078 and instructions for simplified cooling load calculations for 
single air conditioners (Ihle, 2004). 
How much cooling is needed depends most likely on the users and their behaviour. Schools 
and offices do not require such strict temperature and humidity conditions as for example 
in museums or productions factories. Worse case sizing would oversize the air conditioners 
too much and lead into to high costs. Furthermore, high temperature differences between 
inside and outside are not good for people as it weakens the immune system and dries out 
skin and nasal swab. According to Dr. Georg Vogt, medical scientist at the health office in 
Duisburg (Germany), the maximum temperature difference should not be greater than 6 K 
(Kelm, 2011). Therefore, the design temperature difference for sizing air conditioners was 
chosen to 6 K.  
Indonesians thumb rule of sizing air conditioners is already used by UBAYA University with 
0.5 pk electrical power (paardenkracht Dutch: translated to horse power) per 10 m².  In the 
classroom are now three 5.2 kW (1.87 kW electrical power) air conditioners. With a factor 
of 1.36 pk/kWell makes that round 7.6 pk. The classroom is 106 m² large and therefore a 
bit oversized according to UBAYA’s sizing rule. 
For an own calculation of how much cooling power is needed, see the simple equation 
number ( 3 ) below. 
 

𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑔𝑎𝑖𝑛𝑠 + 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑔𝑎𝑖𝑛𝑠 = 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ( 3 ) 

 
The gains, here as losses identified are heat sources, which needs to be compensated by 
provided cooling from air conditioners. As internal gains are considered: 

 People (sensible and latent heat) 
 Lighting 
 Electrical appliances (Computer, projector, fans of air conditioners) 

The external gains for the classroom are: 
 Transmission heat losses 
 Ventilation heat losses (cooling and drying outdoor air) 

No direct sunshine hits the windows at any time. This permanent outside shading lowers 
external gains immense and with it the needed cooling capacity. Solar gains through windows 
are therefore not considered here. 
All heat gains (internal and external gains) are in equilibrium with the cooling power, the 
internal temperature remains constant. For lowering the internal temperature, the cooling 
power must be higher than the heat gains. Still for the cooling load calculation no extras 
reserve power is needed. This prevents from oversizing the system as people also accept a 
bit higher temperatures.  

 
Internal gains 
Every person releases heat, sensible (dry) and latent heat (water evaporation). How much 
dependents on the activity and the air temperature. The students in the classroom are on a 
low activity and at a room temperature of about 25 °C. The total heat losses are then 115 
W/person and the water release to the air is about 60 g/h. The capacity of the room is 100 
people, but the highest number of students signed up for a course is 87. The average number 
of people is much lower and the air conditioner does not need to be sized for the worst case. 
Therefore are 60 people for sizing the air conditioner chosen. 
(60 * 115 W = 6900 W) 
The classroom has 48 light bulbs each 14 W power. That creates 672 W of heat power, 
which is for this size of the room quite low value. 
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Other electrical appliances inside the room are a computer (60 W), a projector (750 W) and 
the three fans of the inside unit of the air conditioners (3x 30 W). That makes in total for 
electrical appliances beside light around 900 W. 
The internal gains sum up in total to (6900 + 672 + 900) W ≈ 8500 W. 

 
External gains – transmission heat losses 
Heat losses through walls, ceilings etc. are caused by temperature differences. The smaller 
the temperature difference is and the better insulated a wall is the less heat losses appear.  
Classroom TF 2.2 only has two outside walls. All other walls (including ceiling and floor) are 
to other classrooms or offices. We assume all neighbour room to be cooled as well, so that 
the temperature difference is zero and therefore no losses to surrounding rooms. The 
outside walls are made of brick with a layer of plaster on both sides. Doors and windows are 
single glazed. The inner heat transmission resistance (Rsi) is chosen to 0.13 (m²*K)/W and 
the outer heat transmission resistance (Rse) to 0.04 (m²*K)/W. The heat transmission 
resistance (R-value) is the reciprocal of the thermal transmission coefficient (U-value). Table 
5 displays the calculation of the U-value for the outside wall and the windows/doors under 
using equations ( 4 ) and ( 5 ). 

 

 𝑈 =
1

𝑅
 ( 4 ) 

𝑅 = 𝑅𝑠𝑖 + ∑
𝑑𝑗

𝜆𝑗
+ 𝑅𝑠𝑒 ( 5 ) 

Table 5: Materials in outside wall and windows/doors for U-value calculation 

Material 
Layer thickness 

d [mm] 
Thermal conductivity λ 

[W/(m*K)] 
Thermal transmission 

coefficient U [W/(m²*K)] 

Plaster 25 0.8 

2.31 (outside wall) Brick 120 0.6 

Plaster 25 0.8 

Glass 4 1,0 5.75 (window/door) 

  
The total window and door area is 25.5 m² and the total outside wall area is 45.7 m². With a 
temperature difference of 6 K are the transmission heat losses through glassed area 852 W 
and through walls 633 W. That makes overall 1485 W heat gains through transmission heat 
losses. 

 
External gains – sensible ventilation heat losses 
Ventilation heat losses, here heat gains, are losses due to an air exchange between inside and 
outside. Hereby needs to be differed in sensible and latent heat. Sensible heat is due to 
temperature change only and latent heat is due to phase change (evaporation or 
condensation) of the water vapour in the wet air. 
Ventilation is necessary for the comfort of the people inside (humidity, carbon dioxide share 
etc.) as well as for the structural physical building conditions (mould preventing etc.). For 
old houses or poorly insulated houses like typical buildings in Indonesia an air exchange rate 
of one per hour can be assumed. That means that once per hour the complete air from inside 
the room will be exchanged with the air from outside. The 106 m² and 4 m high room has 
then a volume flow of 423 m³/h. With an air density of 1.15 kg/m³, the specific heat capacity 
of air (1.004 kJ/(kg*K) and the temperature difference of 6 K results the sensible ventilation 
heat losses to 814 W. Equation ( 6 ) displays the calculation. 
 

�̇�𝑉𝑒𝑛𝑡(𝑠𝑒𝑛𝑠) = �̇� ∗ 𝜚𝑎𝑖𝑟 ∗ 𝑐𝑝,𝑙 ∗ Δ𝑇 ( 6 ) 
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External gains – latent ventilation heat losses 
Air conditioners evaporate the refrigerant below room temperature. This temperature is at 
the same time cold enough to condensate water from the air inside the room, which lowers 
the absolute water content of the air (absolute humidity). The air conditioner also 
condensates the water which is dissipated from people inside the room. This latent heat 
dissipation is already considered as part of the total heat dissipation from people as internal 
gain and does not need to be considered here again.  
How much water the air conditioner condenses and what cooling power it needs to do so is 
here calculated and based on a measurement inside the room. The classroom was occupied 
with about 30 people during the measurement and inside as well as outside were typical air 
conditions. A room temperature of 26 °C and relative humidity (RH) of 56 % was measured. 
The absolute inside humidity (xi) is then determined to 11.8 g/kg. At the same time, the 
absolute outside humidity (xa) was 18.5 g/kg (30 °C at 69% RH). This example clearly shows 
that the air conditioners dehumidifies the air.   

 
The assumed air exchange rate of 1/h gives a volume flow of 423 m³/h. This volume flow 

gets dehumidified and is with a density of 1.15 kg/m³ converted to �̇�=487 kg/h. Equation 
( 7 ) shows how the latent heat gain through ventilation losses is calculated. Whereas x is the 
absolute humidity in gram water per kg dry air with the indexes “i” for inside and “a” for 
ambient. r is a specific latent energy coefficient with r = 700 Wh/kg. 
 

�̇�𝑉𝑒𝑛𝑡(𝑙𝑎𝑡) = �̇� ∗ (
𝑥𝑖 − 𝑥𝑎

1000
) ∗ 𝑟 ( 7 ) 

𝑥𝑖 = 11.8
𝑔

𝑘𝑔
     𝑥𝑎 = 18.5

𝑔

𝑘𝑔
    𝑟 = 700

𝑊ℎ

𝑘𝑔
    �̇� = 487

𝑘𝑔

ℎ
   

The latent ventilation heat gains are with equation ( 7 ) calculated to 2284 W. 

 
Table 6 displays the results of the cooling loads and the design cooling capacity of UBAYA’s 
classroom TF 2.2 with 13.1 kW. The calculated cooling capacity is with 13.1 kW quite close 
to the actual installed capacity of 15.6 kW. The installed capacity of 15.6 kW is the value that 
will be used in further calculations. 
 
Table 6: Cooling load calculation results for classroom TF 2.2 

 Heat source Heat dissipation  

Internal gains 

8500 W 
 People 6900 W 

 Light 672 W 

 Electrical devices 900 W 

External gains – transmission heat 

1485 W  Through doors/windows 852 W 

 Through walls 633 W 

External gains – ventilation heat 

3098 W  Sensible heat 814 W 

 Latent heat 2284 W 

Total heat gains / design cooling capacity 13.1 kW 

 

  



24 

4 Office system 
Chapter 4 will describe the tests and measurements of the home office system. The “home 
office system” is located at the home of Mr. Elieser Tarigan in Surabaya 10 km away from 
the University. Here a Photovoltaic system has been installed for supplying the household 
electricity. Attached to the house there is a small 9 m² office with a 1.35 kW (cooling 
capacity) Daikin air conditioner. This will be the location for testing the photovoltaic and air 
conditioning systems. The aim is to analyse the interaction between the two systems.  

 

4.1 Original system 

The original photovoltaic system (see Figure 15) was a 24 VDC off-grid system comprising 
of 4 photovoltaic panels, two charge controllers (CC), 4 100 Ah batteries and a 1500 W 
modified sine wave inverter. Here the panels are connected in parallel. The batteries were 
connected in two string of two giving a 24 volt output. 

 

 
 

4.2 Off grid system tests  

Investigated here is how the system will run without any supply from the grid. All power 
will come from the 4 PV panels. Four 100 Ah batteries with 50 % DOD (depth of discharge) 
will give 7 hours of autonomy for the air conditioner. In the off- grid system the air 
conditioner will be powered through the batteries rather than directly from the panels. Using 
a battery storage means the power will be more constant than when directly fed from the 
panels and will be less sensitive to the weather.  
The first inverter installed (Inverter 1) had a capacity 1500 W with a surge power of 3000 
W. The manufacturer was INTELLIGENT (data sheet in appendix K). Unfortunately the 
output signal of the inverter was a modified sine wave which is ok for resistive appliances 
like lights or a toaster but can damage sensitive appliances such as computers and air 
conditioners. Such devices require a pure sine wave form in order to run without any 
problems. Before running the air conditioner on the PV system the modified sine wave 
inverter had to be replaced with a new “Pure Sine Wave” inverter.  
A pure sine wave inverter will give a smooth oscillation that will be suitable for the air 
conditioner to run properly. The second inverter used (Inverter 2) was a SUOER 12 volt 
pure sine wave inverter (data sheet is in appendix L). This inverter has a 1000 W operating 
power and 2000 W surge power. To match the input voltage of the inverter the battery 
configuration had to be changed from 24 V to 12 V. The results of these tests will be 
discussed in chapter 5.1. 

 

4 PV Panels 2 Charge Controllers 4 Batteries  1 Inverter  Household Demand 

4 x 200 W 

VMax=46 V 

IMax=4x5.5 A 

12/24 V 

ILOAD=2x20A 

 

4x100 Ah 

24 Volt  

Modified sine 

wave 

1500 W 

3000 W peak  

TV 

Lights 

Ventilator  

Figure 15: Original PV system connection 

4 PV Panels 2 Charge Controllers 4 Batteries  1 Inverter  Air Conditioner 

4 x 200 W 

VMax=46 V 

IMax=4x5.5 A  

12/24 V  

ILOAD=2x20A  

 

4x100 Ah 

12 Volt  

Pure sine 

wave 

1000 W 

2000 W peak 

350 W electr. 

1.35 kW 

cooling 

Figure 16: PV system with pure sine wave inverter and air conditioner 
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4.3 Grid-connected system tests 

From the beginning the grid-connected system seemed like the most appealing. A grid 
connected-system is a much simpler system it would consist of the photovoltaic panels, an 
inverter, an air conditioner and connection to the grid. No batteries or charge controllers 
are needed.  
In this type of grid-connected system, the PV panels would power the air conditioner. If the 
load cannot be met by the panels then the grid would act as a backup and provide the extra 
power needed. This is particularly important during the start-up times. If the grid can provide 
the extra power needed by the start-up then the PV panels and inverter do not need to be 
oversized. Another benefit of using a grid tied system is that any excess electricity produced 
can be used by other appliances or it will be fed into the grid.  
The demand times for air conditioners in offices or classrooms is during the day, which is 
when PV panels produce electricity. The on grid system can take full advantage of this 
interaction with the power produced from the PV panels being used directly by the air 
conditioner.   
To test a grid connected system another inverter is needed (Inverter 3). A grid tied inverter 
is able to synchronize with the grid, matching voltage and frequency. (Data sheet is in 
appendix M) 
The air conditioner is connected to both the inverter and the grid. If power is available from 
the inverter this will be used by the air conditioner. If there isn’t enough power available, 
then the excess power needed will be taken from the grid. The grid will be needed for the 
start-up and during times of low PV production (e.g. on a rainy day).  Figure 17 displays the 
measurement setup for the grid-connected system. The datalogger recorded voltage and 
current signals from the modules, radiation signal from the pyranometer and ambient- and 
inside temperature signals from two thermocouples. The datalogger as well as energy meter 
2 (EM2) record all values each minute. Energy meter 2 is the Voltcraft energy meter and 
energy meter 1 and 3 are the WANF energy meters, which accumulate the energy. The results 
of this test will be discussed in chapter 5.2. 

 

 
Figure 17: Measurement setup grid connected system 
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4.4 Measurement Tools used 

This section will give a description of the equipment used during the experiments. Table 7 
at the end of this chapter gives an overview over all components with characteristic data. 
Detailed information to all components can be seen in: 

 Pyranometer  ⇒ Appendix F 

 Edgebox datalogger  ⇒ Appendix E 

 Handheld datalogger ⇒ Appendix D 

 Energy meter (EM 2) ⇒ Appendix A 

 Energy meter (EM 1+3) ⇒ Appendix B 

 
Pyranometer 
A Davis silicon photodiode pyranometer was used to measure the solar radiation. It has a 
spectral range of 400 to 1100 nanometers and its accuracy for solar radiation intensity is ±5 
%. The pyranometer was connected to a processor and a display. It was working correctly 
but the values could not be recorded. To record the values the pyranometer was 
disconnected from the processor and display and instead connected directly to the 
datalogger. A 5 volt external supply is needed to power the pyranometer. A 9 volt battery 
was used with a voltage divider to reduce the voltage to the required 5 volts.  
Datasheet can be seen in appendix F. 

 
Dataloggers 
Two data loggers were used during the course of the experiments. Problems with the first 
data logger meant another one was needed. Fortunately there was another data logger 
available here in UBAYA that was used.  
The first data logger used was an Edgebox V12. This logger has twelve voltage inputs and 
two pulse counters, it is still unknown why this logger stopped working. The second one 
was an Omega DAQPRO-5300, this is a portable handheld data logger with eight inputs 
including a pulse counter and internal temperature sensor.   

 
Energy meters 
The Eltako WSZ1D is a pulse output energy meter. The energy meter counts pulses, which 
are sent as output signal to the logger. Each pulse stands for 0,5 Wh. Partially fractured 
pulses will not be transferred to the logger. This energy meter did not work with the 
handheld datalogger and the energy meters below were used instead. 
Voltcraft Energy Logger 3500 was used to determine the power consumed by the air 
conditioner. This Energy logger is easy to use and is simply plugged into the appliance that 
needs to be measured. It gives minute to minute values that can be stored on an SD card 
and displayed on its own software program or exported to excel.  
Two WANF energy meters were used. Similar to the Voltcraft this energy meter can be 
plugged into the socket for easy use. This energy meter measures accumulative values and 
does not have a record function. One is placed after the inverter to measure the AC power 
coming from the inverter. The other measures the power coming from and going into the 
grid.  

 
Voltage dividers 
Two voltage dividers were used in the system. One was used to give a voltage reading to the 
data logger by reducing the voltage going to the datalogger which has a voltage limit of 10 
volts. This was positioned after the PV panels to measure the voltage coming from the 
panels, before the inverter. The second was used to limit the voltage to the pyranometer 
from the external supply which was a 9 volt battery.  
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Shunt resistors 
A shunt resistor was used in the system to measure the current at the same position as the 
voltage divider. The shunt resistor used was 60 A at 60 mV which gives 1 mΩ resistance. 
The resistance is so small to not affect the measurement. The shunt resistor should always 
be placed after the load on the negative side for accuracy and safety reasons. 

 
Temperature sensors 
A J-type thermocouple was used to measure the temperature of the cooled room. The 
thermocouple is easy to use and can connect directly to the datalogger. The logger measures 
a voltage from the thermocouple and automatically converts it to degrees Celsius (C). The J 
type thermocouple has a range of -200 to 1200 °C with an accuracy of ±0.5 % between -50 
and 50 °C. 
The Omega data logger has an internal temperature sensor which was also used. It is a NTC 
thermistor with a range of -25 to 70 °C and an accuracy of ±0.5 K. 

 
Residential-current device (RCD) 
Residential-current devices, also magnetic circuit breaker (MCB) called, were used for safety 
reasons in each circuit. The circuits are: 

1. PV circuit (between PV modules and charge controllers CC) 
2. CC circuit (between charge controllers and batteries) 
3. Battery circuit (between batteries and inverter) 
4. Inverter circuit (between in Inverter and Air conditioner) 

The RCD’s used detect any fault current of minimum 30 mA in less than 30 ms and will 
open the circuit. This prevents people from getting an electrical shock. RCD’s are installed 
in series on both the positive and negative side for DC and the phase and neutral side for 
AC. The currents go in reverse directions causing the two surrounding magnetic fields to 
cancel each other out. A fault current will make a magnetic field appear which the RCD will 
recognised and break the circuit. 

 
Table 7: Table of measurement tools used in office system 

Component  Brand  Model Size  Other Accuracy 

Pyranometer Davis  7821 
Range of 400 to 1100 
nanometers   ± 5% 

Data Logger Omega 
OM-DQPRO-
5300 

Maximum 10 Volt 
Input 

8 Channel 
Input ± 0.5% 

Energy Logger 
(EM2) Voltcraft 3500 

Max. power 3500 W 
Current 15 A  

SD Card 
memory ± 1%  

Energy Meter 
(EM1, EM3) WANF   

Max. power 2000 W 
Current 15 A  

Accumulated 
Value ± 1% 

Voltage divider     
One 51 kΩ resistor, 1 
kΩ resistor 

5 % Accuracy 
each ± 7% 

Shunt Resistor     60 A at 60 mV 
Resistance 1 
mΩ ± 0.5% 

Temperature 
sensor Omega 

NTC 
thermistor Range -25 to 70 °C 

Resolution 0.1 
°C (1 μV) ± 0.5°C 

Thermocouple J- Type   
Range -200 °C to 1200 
°C  

Resolution 0.1 
°C (1 μV) ±1.5 °C   

Residential 
current device 
(RCD)   

Release < 30 ms 
Fault current < 30 mA   

 
Accuracy and uncertainty of components were taken under consideration. The biggest 
uncertainty in the calculation comes from the pyranometer with an uncertainty of ± 75 
W/m². The calculated DC PV power has an uncertainty of ± 13 W. This uncertainty is a 
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combination of the shunt, the voltage divider and the data logger. Both energy meters used 
have an accuracy of 1 %. The internal temperature sensor has an accuracy of 0.5 °C, with a 
Thermocouple the accuracy is ±1.5 °C. 

 

4.5 System components 

Table 8 shows the system components in the office. Four PV panels were connected to two 
charge controllers charging four batteries. Each 12 V battery has a capacity of 100 Ah. The 
batteries were used in different configurations depending on if a 12 V or 24 V inverter was 
used. 
The first inverter used (Inverter 1) was a 1500 W inverter with a modified sine wave output 
signal. It was changed because it did not meet the air conditioners input signal requirements. 
Inverter 2 had the correct output signal wave but was not big enough to meet the start-up 
power of the air conditioner. 
More information to the components can be seen in Appendix: 

 Daikin Air conditioner ⇒ Appendix G 

 Photovoltaic panels         ⇒ Appendix J 

 Charge controller          ⇒ Appendix I 

 Inverter 1  ⇒ Appendix K 

 Inverter 2  ⇒ Appendix L 

 Inverter 3  ⇒ Appendix M 

 
Table 8: Table of system components in office system 

Component  Number Brand  Model Size  Other 

Air 
Conditioner  

 
1 Daikin R15HEV1 

1.35 kW cooling 
capacity COP 3.97 

Photovoltaic 
Panels 

 
4 I- Solar 1 SPU-180M 200 W Max Power 

Mono Crystalline 
Module 

Charge 
controller  

 
2 S series SC-20 Load Current 20 A 

Self-consumption 
6 mA 

Battery 
 

4 CIT BAT CT12 100FR 12 Volt 100 Ah 
No Data Sheet 
Found 

Inverter 1 

 
  1 

      
Intelligent SP-1500  

1500 W /Surge 3000 W 
24 V DC => 220 V AC 

Modified Sine 
Wave  

Inverter 2 
 

1 SUOER  FPC- 1000A 
1000 W /Surge 2000 W 
12 V DC => 220 V AC Pure Sine Wave 

Inverter 3 
 

1     
1000 W 
20-48V DC => 220 V AC Grid Tied Inverter 

 

 

4.6 Measurements  

The DC power coming from the PV panels 
The DC power coming from the panels will be measured. To get the voltage coming from 
the panels they must be connected to the data logger using a voltage divider connected in 
parallel. The voltage divider will ensure that we do not exceed the 10 volt limit of the data 
logger. We made calculations based on the size of the panels and set up the voltage divider 
one 51 kΩ resistor and one 1 kΩ resistor.  
To calculate the current from the panels we used a shunt resistor connected in series. 

 
The AC power after the inverter  
The power on the AC side is measured just after the inverter. This was measured using a 
WANF energy meter. Measuring the power both before and after the inverter will allow us 
to calculate its efficiency. 
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The solar radiation 
There are two operational pyranometers, one is located at the weather station at the 
university that was installed by a previous ESES student. The other one is installed at the 
office system. The weather in Surabaya can change rapidly and even though the classroom 
and office systems are only 10 km apart one location could be sunny while the other could 
be raining. Using the most accurate weather data available shows exactly when the sun is 
shining and when there is cloud cover. This is important so we can directly compare the 
output of the PV panels to the solar radiation in the exact same location. The pyranometers 
being used are the Davis silicon photodiode pyranometer mentioned above.  

 
Temperatures inside/outside 
Thermocouples will be used to measure the temperature difference between the ambient 
and the cooled room. The thermocouples are connected directly to the data logger. This 
measurement will allow us to see how well the air conditioner works and how much of an 
affect user behaviour has on the temperature of the room. For example the number of 
people in the room, electrical devices being used etc. 

 
Air conditioner power consumption 
The power consumption of the air conditioner is measured using the voltcraft energy logger. 
The power consumption of the air conditioner is very important for sizing the solar system. 
An accurate reading of the load compared with the other energy readings from grid and 
inverter will show exactly what the solar fraction is.   

 
The start-up power of the air conditioner 
The start-up power is very important value as this will show if the PV system can start the 
air conditioner and what size the inverter needs to be. 
For choosing the right size of inverter, the maximum power respectively current used by the 
air conditioner must be know. The maximum current is needed while starting the induction 
engine (compressor) of the air conditioner. This maximum current is called “Locked Rotor 
Amps” (LRA) and is usually 3 to 8 times higher, but goes down quickly after reaching about 
75 % of full engine speed (Rozenblat, 2013). Because of a power factor lower than 50 % 

(cos φ ≤ 0,5) of induction engines, the active power is not increasing as much as the current 
does. That's why the current remains as the main factor to consider when sizing an inverter. 
The surge current of the inverter needs to match the LRA of the air conditioner. 
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5 Results  
Chapter 5 will explain the results of all tests, experiments and simulations made. Explained 
first will be the results of the home office system. This will cover both off grid and grid 
connected results. Then the results of the classroom measurements will be presented with 
simulations from PVsyst to show the options for the proposed solutions. The final section 
will show off-grid system sizes needed for the classroom. 
 

5.1 Off grid tests – Home Office 

The aim for the off-grid tests was to run the 1.35 kW (cooling capacity) air conditioner with 
the existing off-grid solar system. An operational off-grid solar system for the air 
conditioners would mean the air conditioners would be completely independent from the 
grid and would be 100 % powered by photovoltaic produced energy.  These tests would 
show if the air conditioner could run completely on solar power and if so what challenges 
this type of system would present.  
Attempts to run the air conditioner on the off grid system were unsuccessful. Ultimately the 
failure of the tests came down to the inverter. The start-up power of the air conditioner was 
underestimated and so the inverter (inverter 2) chosen was too small. The start-up power 
was measured with the Voltcraft energy meter. It records maximum and minimum values 
for true power, apparent power, power factor, voltage and current. The maximum current 
measured from the compressor was 5.5 A. Even though the maximum true power was 
measured to 416 W, the apparent power was much higher with 1100 VA. This is because 
the compressor is a typical inductive load, which has a very low power factor especially while 
starting. For the inverter the true power is not the limitation, it is both the apparent power 
and the current.  
Using this value of 5.5 A for the start-up current the 1000 W SUONER pure sine wave 
inverter with a surge power of 2000 W was selected (inverter 2). When the off grid system 
was tested with this inverter it started well. Both air conditioner and inverter were 
operational until the air conditioner compressor started then a fault light on the inverter 
switched on and both the air conditioner and inverter turned off. It was clear the inverter 
could not meet the start-up power of the compressor. Initially the blame for the failure was 
the inverter and perhaps the 1000 W operating power and 2000 W start up power were 
exaggerated by the inverter manufacturer. 
It was not certain that the failed test could be attributed to the inverter so further 
investigation into the start-up power was required.  The maximum start-up current of the 
compressor appears over a fraction of a second, to measure this the measuring device must 
have a short measuring period. The datasheet of the energy logger does not name the 
measurement period, in which the maximum value could be determined. The measured peak 
current was 3.5 times the running current, this is probably not accurate enough to see the 
actual peak current. A technical enquiry to the manufacturer confirmed that doubt, saying 
the peak current of a starting compressor appears too short to be detected by the Voltcraft 
energy logger.  
To determine the start-up current the air conditioner was dismantled and the compressor 
data plate provided the information. The LRA of the compressor is 10.8 A. Figure 19 shows 
the outdoor air conditioner unit from inside and Figure 18 the label of the compressor. 
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Figure 19: Open air conditioner outdoor unit 

 
During the start-up the voltage is still 220V and the maximum current is 10.8 A meaning a 
total of 2376 W start-up power. This exceeds the 2000 W surge power of the inverter 
meaning the inverter selected was too small. An inverter with a surge power of more than 
2376 W would be needed to power this air conditioner.  
The next step would have been to get another bigger inverter but because of time and 
financial restrictions it was not possible. This was a disappointing end to the experiment 
considering the amount of time and effort put in but it was not a total loss and valuable 
lessons were still learned.  
The air conditioner used is only 340 W one of the smallest available on the market. The fact 
that a 1000 W inverter with 2000 W surge is not able to run the air conditioner shows how 
important the start-up power is. The large start-up power needed means the inverter has to 
be greatly oversized.  Not only does the inverter need to be sized for the start-up but it is 
vital that the output wave of the inverter is pure sine wave. A lower quality waveform can 
damage the air conditioner. 
 

5.2 Grid connected system results – Office 

The measurement set up for the grid tied system is described in chapter 4.3. The results of 
these measurements are shown in this section. 
First the energy balance measurements and calculation results are presented. After that 
measurement results over four days, the 7th to 10th of May are presented. The first two 
measurement days (5th and 6th of May) are not included, because the support battery of the 
pyranometer measurement was low and needed to be replaced. In total six different 
parameters were measured. To get a greater understanding each measurement will be 
explained separately. 

 Pyranometer 

 Air conditioner power 

 PV power 

 Grid backup power 

 Feed in power 

 Indoor and Outdoor temperature 

 

Figure 18: Compressor label saying the LRA 
of 10.8 A 

Compressor 



32 

5.2.1 Energy balance 
Here it will be explained how minute values for inverter output power, grid back up power 
and feed in power were obtained. To get the energy flow for the home office system four 
different measurement points were used; after the PV panels, after the inverter, before the 
air conditioner and at the grid side. Even though, minutes values for power could only be 
measured at two of those four system points, it was possible to calculate minute values for 
the other two system points. Figure 20 shows the accumulated energies for six measured 
days. For the green highlighted energies, minute values were measured. Meaning detailed 
data for PV output power and air conditioner energy use is available. The orange highlighted 
energies are accumulated values. The blue highlighted energies were calculated.  

 
 
 
For determining the average inverter efficiency minute values were used. The average 
inverter efficiency was calculated as output input ratio over the measured 6 days to 93.6 %. 
A measured reading after the first two days approved this efficiency. This is an assumption, 
knowing that the inverter efficiency during low light conditions is much lower. During the 
measured period, low light conditions rarely happened. The manufacturer does not give an 
efficiency curve or individual efficiencies, which could make the calculated output power 
more accurate. Therefore, the average efficiency (93.6 %) of the inverter was used. With 
minute values before the inverter and the average inverter efficiency it was possible to get 
minute values for the inverter output power. Grid back up power and feed in power could 
then be calculated using equation ( 8 ) and ( 9 ). P stands for power and E for energy. 
 

𝑃𝐺𝑟𝑖𝑑 = 𝑃𝐴𝐶 − 𝑃𝐼𝑛𝑣 (𝑓𝑜𝑟 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑟𝑒𝑠𝑢𝑙𝑡) ( 8 ) 

𝑃𝐹𝑒𝑒𝑑 𝑖𝑛 = 𝑃𝐴𝐶 − 𝑃𝐼𝑛𝑣 (𝑓𝑜𝑟 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑠𝑢𝑙𝑡) ( 9 ) 

Over the measurement time, a total feed in energy of 3.93 kWh was calculated as well as 
6.27 kWh for grid back up energy. These values add up together to 10.20 kWh. This is very 
close to the 10.34 kWh measured with energy meter 3 (EM 3). EM 3 does not differ in the 
direction rather there is feed in or grid use. Feed in and grid back up energy are therefore 
calculated correctly. 
The measured and calculated energy demand for the air conditioner over the whole period 
also suit together very well. 21.36 kWh air conditioner demand was measured and 21.35 
kWh is the calculated value according to equation ( 10 ). 
 

𝐸𝐴𝐶 = 𝐸𝐼𝑛𝑣 + 𝐸𝐺𝑟𝑖𝑑 − 𝐸𝐹𝑒𝑒𝑑 𝑖𝑛 ( 10 ) 

Figure 20: Energy flow balance over 6 days for the grid tied system 
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        21.35 𝑘𝑊ℎ = 19.01 𝑘𝑊ℎ  +    6.27 𝑘𝑊ℎ  −    3.93 𝑘𝑊ℎ  

All displayed results for grid back up-, feed in- and inverter output power/energy base on 
the here described assumption and calculations. 

5.2.1. Solar irradiance 

The irradiance values were obtained using the “davis” pyranometer. The values for the 7th 
of May as seen in Figure 21 look like very typical values for this area with irradiance reaching 
992 W/m². Some cloud cover between 12:00 and 13:00 reduces the irradiance to about 500 
W/m2 but it rises again and there is some slight cloud cover for the rest of the day. On the 
9th of May it looks to be a sunny cloudless day, all day except for a little cloud at 7:00.  An 
irradiance of 1000 W/m2 would be expected for this type of day but it only reaches 692 
W/m2.  These low values are most lightly due to some slight overcast cloud or possibly 
smog.  To ensure this data was correct the irradiance data was compared with the UBAYA 
weather station data and they are consistent.   

 
Figure 21: Irradiance comparison 7th and 9th of May 

Table 9 shows average and maximum irradiance values from 7th to 10th of May. The 
maximum values vary from 701 W/m² to 992 W/m². The peak sun hours are also displayed 
for both the whole day and during office hours.  

 
Table 9: Irradiance and peak sun hours from 7th to 10th of May 

Date 
Irradiance in [W/m²] Peak sun hours (PSH) 

maximum ave daytime ave office hours whole day during office hours 

07/05/2015 992 516 589 6.2 5.9 

08/05/2015 701 448 514 5.4 5.1 

09/05/2015 692 405 515 5.5 5.2 

10/05/2015 716 457 513 5.5 5.1 

 

5.2.2. Air conditioner load and solar fraction 

Figure 22 shows the air conditioner power consumption, the air conditioner was set on a 
timer from 07:30 to 17:30 with a set temperature of 22 °C. Table 10 displays air conditioner 
consumption values. The average operating power is fairly constant at roughly 345 W and 
total energy demand at 3.45 kWh. Additionally the inverter output used by AC shows the 
amount of PV produced power consumed by the air conditioner. Finally PV coverage shows 
the percentage of air conditioner consumption supplied by PV.  
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Figure 22: Air conditioner power 9th of May 

 
Table 10: Daily air conditioner data at office hours (7.30 – 17.30) 

Date 
average power  

in [W] 
Energy demand in 

[kWh] 
Inverter output 

used by AC [kWh] 
Solar fraction in 

[%] 

07/05/2015 345 3.47 2.76 79.4 

08/05/2015 342 3.44 2.70 78.3 

09/05/2015 343 3.45 2.82 81.7 

10/05/2015 344 3.46 2.65 76.6 

 

5.2.3. Photovoltaic Power 

The photovoltaic production can be directly compared to irradiation values. The times of 
high photovoltaic production are the times of high irradiation and the times of low 
photovoltaic production are the times of low irradiation. The peak irradiance on the 7th is 
1000 W/m2 and the peak irradiance on the 9th is 700 W/m2 but the peak PV production is 
about 480 W for both days. Figure 23 shows the PV output power at the same day as the 
irradiance shown in Figure 21. 

 
Figure 23: Photovoltaic Energy Production 7th and 9th of May 

Table 11 shows different values for the photovoltaic production including PV energy in 
kilowatt hours and power in watts. The average PV efficiency is also given. The data sheet 
in appendix J gives a module efficiency of 15.67 %, which is much higher than the 
efficiency measured of 11 or 12 %. The efficiency given on the data sheet is a maximum 
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value under standard test conditions. Our tests were not conducted under standard test 
conditions and are an average value throughout the day. Module temperature being the 
biggest factor for this drop in efficiency. 
 

Table 11: Energy, power and efficiency of PV panels 

Date 
Photovoltaic Energy in [kWh] PV output power in [W] average PV 

efficiency in [%] whole day during office hours average maximum 

07/05/2015 3.62 3.38 301 483 11.14 

08/05/2015 3.51 3.37 292 484 11.61 

09/05/2015 3.79 3.53 277 477 12.31 

10/05/2015 3.44 3.25 286 469 11.07 

 

5.2.4. Grid Backup Power 

Figure 24 shows the grid backup power for 10th of May. From 08:00 to 10:00 there was low 
irradiation due to cloud cover. During this time of low photovoltaic production backup 
power from the grid was required. The power required reached 300 W for some periods, 
meaning just 50 W was being produced from the PV panels. From 11:00 to 15:00 the 
irradiation was high again and the grid backup was no longer needed. From 15:00 onwards, 
the sun began to set and the grid becomes the only source of power for the air conditioner. 
In this grid connected system there are no batteries so no energy can be stored for the last 
hour of the day. The grid was also used for the air conditioner start-up but it is too short to 
be seen in this graph. 
 

 
Figure 24: Grid Backup power 10th of May 

5.2.5. Feed in Power 

The feed in power is the excess power from the PV panels, any power not used by the air 
conditioner is fed into the grid. As it can be seen in Figure 25, in the morning all power 
produced is fed into the grid until the air conditioner is switched on. Then all of the power 
is consumed by the air conditioner until 08:00 when the PV production is higher than the 
air conditioner consumption. At its peak 300 W are being fed into the grid and during the 
rest of the day nearly 100 W is being fed in. The total feed in power for 9th of May is 727 
W. 
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Figure 25: Feed in Power 9th of May 

The energy fed into the grid and the energy used from the grid are displayed in Table 12. 
These values are important when considering possible return from the feed in tariff.    
 

Table 12: Feed in and backup energy 

Date 
during office 
hours in [Wh] 

outside office 
hours in [Wh] 

Energy from the 
Grid [Wh] 

07/05/2015 409 221 715 

08/05/2015 465 119 745 

09/05/2015 484 243 630 

10/05/2015 394 172 808 
 

5.2.6. Indoor and Outdoor temperature 

A comparison of indoor and outdoor temperature show how well the air conditioner is 
cooling the room. The irradiance is also in the Figure 26 to highlight the daylight hours.  
During the night, the temperature sensors are equal and give constant undistorted values. 
But during daylight hours there is a large distortion or noise in the recorded values. The 
internal NTC temperature sensor varies 1 K while the J-type thermocouple can vary up to 3 
K. The data logger user manual said the reason for “noisy” data is due to long sensor cables 
or working next to strong electromagnetic fields. This noise is most likely caused by electrical 
interference by the inverter, which was next to the logger. To correct this an average value 
over 10 recordings for the NTC temperature sensor and over 20 recordings for the 
thermocouple was used. 
It was also found that the reading temperature sensors were too high and they needed to be 
calibrated. The thermocouple and NTC temperature sensor were compared to the weather 
station data, which is 10 km away but the nearest and most reliable data to compare to. The 
sensors were found to be 4.7 K higher than the weather station data. So the values for the 
temperature sensors have been reduced by 4.7 K. 
Table 13 shows the temperature differences between the office ambient temperatures and 
the temperatures measured at the UBAYA weather station. 
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Table 13: Temperature comparison between internal Logger temperature (ambient) and UBAYA’s 
weather station temperature for calibration 

 
Date 

Temperature difference Office ambient and UBAYA weather station 
in [K] 

5:00 - 18:00 18:00 - 5:00 next day 

max min ave max min ave 

04/05/2015    5.4 3.0 4.4 

05/05/2015 6.1 1.3 3.8 5.6 3.6 4.4 

06/05/2015 6.4 2.6 4.2 6.2 4.4 5.5 

07/05/2015 7.3 2.4 4.8 6.1 3.9 5.1 

08/05/2015 6.8 2.2 4.8 6.4 4.0 4.9 

09/05/2015 6.8 3.1 4.9 6.6 3.9 5.1 

10/05/2015 7.3 3.6 5.2 5.3 4.3 4.6 

ave day/night   4.6  4.9 

ave measurement   4.7 

 
Figure 26 shows indoor and outdoor temperature as well as irradiance for 7th of May. The 
office is a well ventilated room so during the night there is no difference between indoor 
and outdoor temperature. At 05:30 the sun rises and the irradiation increases. Consequently 
the temperature also increases. At 07:30 there is a sharp drop in indoor temperature, this is 
the air conditioner switching on. The indoor temperature falls to 23 °C but never reaches 
the set temperature of 22 °C. Even though the air conditioner is running the indoor 
temperature increases and decreases as the outdoor temperature increases and decreases 
throughout the day until the air conditioner is switched off. The maximum temperature 
difference between indoor and outdoor is 6 K.  

 

  
Figure 26: Indoor and Outdoor temperature with irradiance 7th of May 
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5.2.7. Results 9th of May – Sunny Conditions 

Figure 27 show the air conditioner power, PV power, grid back up power, irradiance and 
the feed-in power for the 9th of May.  It displays how the air conditioning, PV system and 
the sun work together. The 9th of May was chosen because it is a very good example of 
what happens on a sunny day. 
Between 05:30 – 07:30 the sun rises, irradiance increases and the photovoltaic panels start 
to produce electricity. The air conditioner has not yet turned on so all PV produced 
electricity is fed into the grid.  
At 07:30 the air conditioner is switched on. At this time the PV production is still too low 
to fully power the air conditioner so some grid back up power is also needed. The grid 
backup is also needed for the air conditioner start-up. The start-up cannot be seen in the 
graph because it happens in less a second and the values used are minute values. 
From 08:00 - 10:00 as the sun continues to rise so does the irradiance and PV production. 
PV power reaches 450 W during this time. The air conditioner consumption is 350 W so 
100 W excess electricity is fed into the grid.  
At 10:00 there is a sharp drop in PV production, even though it is not seen in the irradiation 
results this is most likely caused by a cloud covering the panels for a short time. This shortage 
in power does not affect the running of the air conditioner because the grid provides the 
backup power.  
Between 10:00 - 14:00 the PV system works as before providing power for the air 
conditioner and the excess power being fed into the grid.  
From 14:00 - 14:40 the sun begins to go down. Irradiation, PV power and feed in power all 
start to decrease. By 14:40 the PV system can no longer power the air conditioner by its self. 
The grid backup slowly increases as the PV power declines.  
At 17:00 - 17:30 the air conditioner is now fully powered by the grid. At 17:30 the air 
conditioner switches off. 

 
Figure 27: PV system and air conditioner power for 9th of May 
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5.2.8. Results 10th of May – Cloudy Conditions 

The results from 10th of May as show in Figure 28 show how the system works under partly 
cloudy conditions. The weather on in the morning on this day can best be described as 
scattered clouds, cloudy one minute, sunny the next. Rather than a constant low irradiation 
this weather means the irradiation is always changing hence the PV power is always changing. 
Here the PV production goes from excess power to insufficient power by not having any 
storage the air conditioner must use power from the grid to keep running. Without the grid 
backup the PV power would not be sufficient to power the air conditioner. 

 

 
Figure 28: PV system and air conditioner power for 10th of May 

 

5.3 Results – Classroom 

This section will explain the results of the classroom system including analysis of the air 
conditioner consumption and grid-connected PV simulations for both the current and 
proposed air conditioner units. In chapter 5.4 will be an economical evaluation made to 
compare the different grid-connected systems. A rough sizing for off-grid system solutions 
is done in chapter 5.5 and compared to the grid connected systems. 

5.3.1. Air conditioner consumption 

Figure 29 and Figure 30 shows the measurement results from the classroom. The values 
displayed are cumulative values for the three air conditioners. Also described in these figures 
are the classroom temperature, ambient temperature and the number of students per class.  
At 05:30 air conditioner is switched on. This was unexpected because according to the 
timetable classes did not start until 07:00. The blurred lines in the consumption are when 
one of the air conditioners is cycling on and off. There is a rise in temperature of 2 K. This 
could be explained by the large number of students attending this class (87 students). Mid-
day the air conditioner is switched off for an hour during lunch break. The air conditioner 
then runs continuously until 20:00. The running times of the air conditioner were much 
longer than expected so for the purpose of this test only values from 07:30 to 17:30 were 
used to match the times of the home office experiments. 
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Figure 29: Air conditioner consumption, ambient and room temperature for Friday 15th of May 

 
Figure 30: Air conditioner consumption compared to number of students in the room for Friday 15th of 
May 

5.3.2. Design Day 

To get the most accurate results for the consumption a design day was created where the 
average of the four measured days were used. The design day is the last day in Figure 31 and 
this day will be used in future calculations. 
As previously stated, air conditioner lifetime cycle is about 12 years. The air conditioners 
currently installed in the classroom are kind of old and have a poor COP of 2.78. These air 
conditioners may need to be replaced soon. To predict how the PV systems would perform 
with new AC air conditioners a new load profile was created this time with a COP of 4.0, 
which is a typical value for new AC air conditioners. For these values, a design day was also 
created. The design day load is used from Monday to Friday for annual calculations. For the 
new air conditioners is the daily load 30.02 kWh and for the current air conditioners 43.20 
kWh. 
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Figure 31: Consumption of measured and design day 

5.3.3. PVsyst simulations 

Two size PV systems were simulated in PV syst. The load used in the simulation is the load 
from the design day current air conditioners (COP 2.78) and new air conditioners (COP 
4.0). The home office system is sized very well for the air conditioner. To select a size for 
the classroom system, the home office system was scaled up. This gave 12 kW PV system 
for the current air conditioners and 8 kW system for the new air conditioners. 
Table 14 and Table 15 show the main components for both the 8 kW and 12 kW grid 
connected PV systems. Sharp photovoltaic modules manufactured in Indonesia were 
chosen. Choosing to use locally manufactured modules allows for higher feed in tariff, as 
explained in section 1.3.  These modules contain more than 40 % local components, so that 
a high feed in tariff of 0.27 USD/kWh can be assumed. Tests to find the best location for 
the PV array had already been conducted by (Küchler, 2013). The results from this study 
suggested that the north east facing roof (azimuth 135°) had the highest annual irradiation, 
with a roof tilt of 35°. This roof is shown in Figure 32.  
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Figure 32: Roof of TEKNIK building in UBAYA tilt 35° azimuth 135 °. 
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Table 14: PVsyst simulation results 8 kW system 

Photovoltaic panels  

PV Field Orientation tilt 35° azimuth 135°  

PV Manufacturer and Model Sharp – Model ND-R245A6  

PV Technology Si-poly  

Nominal Power 245 Wp 

Array global power Nominal (STC) 8.09 kWp 

At operating conditions (50 °C) 7.22 kWp 

Total number of PV modules 33 

Module area 54.2 m2 

Inverter   
Manufacturer and Model Steca – StecaGrid 2300 

Operating Voltage 125-500 V 

Nb. of inverters 3 units 

Unit Nominal Power 2.30 kWac 
Total Nominal Power 6.9 kWac 

Produced Energy 11.12 MWh/year 

Performance Ratio PR  81.20 % 

 
Table 15: PVsyst simulation results 12 kW system 

Photovoltaic panels  

PV Field Orientation tilt 35° azimuth 135°  

PV Manufacturer and Model Sharp – Model ND-R245A6 

PV Technology Si-poly  

Nominal Power 245 Wp 

Array global power Nominal (STC) 12.74 kWp 

At operating conditions (50 °C) 11.38 kWp 

Total number of PV modules 52 

Module area 85.4 m2 

Inverter   

Manufacturer and Model Steca – StecaGrid 3010 

Operating Voltage 125-500 V 

Nb. of inverters 4 units 

Unit Nominal Power 3 kWac 

Total Nominal Power 12 kWac 
Produced Energy 17.59 MWh/year 

Performance Ratio PR  81.50 % 

5.3.4. PV system for current air conditioners 

Figure 33 shows the power output for both the 8 kW and 12 kW systems in comparison to 
the air conditioner consumption. The output power is taken from “PVsyst” simulation of 
the 8 kW and 12 kW systems.  The same day was picked for both simulations, which 
represents an average day in Surabaya. This gives a direct comparison of the two systems. 
The output for the 8 kW system is 28.2 kWh and 44.7 kWh for the 12 kW system. The 
consumption of the air conditioner is 43.2 kWh. For both systems grid backup power is 
needed in the morning and the evening. There are also times that both systems feed into the 
grid with 3.36 kWh for the 8 kW system and 11.9 kWh for the 12 kW system. The solar 
fraction shows the percentage of air conditioner power supplied by the PV system according 
to equation ( 11 ). This is 57 % for the 8 kW system and 76 % for the 12 kW system. 
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𝑆𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝐸𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑜𝑢𝑡𝑝𝑢𝑡 − 𝐸𝐹𝑒𝑒𝑑 𝑖𝑛

𝐸𝐿𝑜𝑎𝑑

 

 
( 11 ) 

 
Figure 33: PV production for current air conditioning system 

Table 16 gives a summary of the results from the simulation of the 8 kW and 12 kW systems 
for the current air conditioners.  
 
Table 16: Results for current air conditioning system 

System 
Inverter 

output [kWh] 
Grid backup 
[kWh] 

Feed in 
[kWh] 

Load [kWh] 
Design day 

Solar 
Fraction % 

8.0 kW 28.28 18.30 3.36 43.20 57 % 

12.7 kW 44.74 10.40 11.96 43.20 76 % 

 

5.3.5. PV system for new air conditioners 

To analyse how the PV system will work with new more efficient air conditioners, the design 
load with a COP of 4 will be used. Using this new COP the consumption of the air 
conditioners have been greatly reduced. The load for the design day is now 30.02 kWh that 
is a 30% reduction. The output power of the PV system stays the same as before. This 
increases both the solar fraction and the feed in power. The feed in power is now 6.25 kWh 
and 19.93 kWh respectively. The solar fraction for the 8 kW system is now 73% and the 12 
kW system is 83%. Having a high solar fraction is very good but when the feed in power is 
compared with the total power produced the 12 kW system seems to be oversized with 44% 
of the power going into the grid. The 8 kW system now looks well sized with 73% solar 
fraction and just 22 % going into the grid. The benefits of feeding into the grid depend on 
the feed in tariff.   
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Figure 34: PV production and air conditioner load based on COP 4 

Table 17 gives a summary of the results from the simulation of the 8 kW and 12 kW 
systems for the new air conditioners.  
 
Table 17: Results for new air conditioning system 

System 

Inverter 
output 
[kWh] 

New Air conditioner 

Grid backup 
[kWh] 

Feed in 
[kWh] 

Load [kWh] 
Design day 

Solar 
Fraction % 

8.0 kW 28.28 8.00 6.25 30.02 73 % 

12.7 kW 44.74 5.22 19.93 30.02 83 % 

 

5.3.6. Yearly Results 

Displayed in the Table 18 below are the annual results for the 8 kW system and the 12 kW 
system for both current and new air conditioners. According to these values, the yearly solar 
fraction for the 8.0 kW system is 60 % with the current AC and 72 % for the new AC. For 
the 12 kW system the solar fraction is 75 % with the old AC and 81 % for the new AC. 
 
Table 18: Energy results over the year 

System 

Inverter 
output 
[kWh] 

Grid backup [kWh] Feed in [kWh] Annual Load [kWh] 

Current AC New AC 
Current 
AC 

New 
AC Current AC New AC 

8.0 kW 11122 4523 2144 4314 5392 11330 7874 

12.7 kW 17594 2793 1427 9057 11146 11330 7874 
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5.4 Economical evaluation 

A cost analysis of the proposed grid-connected systems has been calculated, this includes 
total investment, payback period and levelized costs. Results for the 8 kW and 12 kW PV 
systems are given for both the current air conditioners with a COP of 2.78 and the new 
proposed air conditioners with a COP of 4.0. In May 2015, Indonesian’s inflation rate was 
6.79 %. The inflation rate forecast for 2020, 2030 and 2050 is projected to be 7.63, 7.54 and 
7.56 % respectively (Trading Economics, 2015). Therefore, an inflation rate of 7.0 % is used 
here. 
 
Because it is not totally clear, whether a feed in tariff would be paid or not, this economical 
evaluation is calculated with and without having a feed in tariff. The feed in tariff is not 
affected by inflation because it is a fixed rate. Locally manufactured Sharp photovoltaic 
modules are used, so that a high feed in tariff of 0.27 USD/kWh is assumed. See chapter 1.3 
for feed in tariffs in Indonesia. With an exchange rate of 13182 IDR per USD (25.05.2015) 
is the feed in tariff then converted to 3600/IDR/kWh. A project lifetime of 25 years is 
assumed. 
 
System costs 
Table 19 shows the initial investment required to install both systems. A total initial 
investment of 132.11m IDR (million Indonesian Rupiah) for the 8 kW system and 211.43m 
IDR for the 12 kW system is required. VAT has not been included because the University 
can deduct the tax. The specific PV price for Polycrystalline modules from South East Asia 
is currently 0.48 €/Wp (PVX spot market price index, 2015). With an exchange rate of 14400 
IDR per Euro (25.05.2015) is the specific PV price than 6900 IDR/Wp. More detailed 
calculations for Table 19 can be found in Appendix N. 
 
Table 19: System Investment comparison 

  8.0 kW PV system 12.7 kW PV system 

Module costs and mounting 73.6m IDR 115.9m IDR 

Inverter costs 13.11m IDR 22.80m IDR 

Installation and Shipping 23.40m IDR 37.46m IDR 

Total project costs 110.09m IDR 176.19m IDR 

Margin for Engineering and profit 22.02m IDR 35.24m IDR 

Total investment (without 20 % TAX) 132.11m IDR 211.43m IDR 
 
Return of investment from feed in tariff 
The electricity price of the state owned grid operator in Indonesia is about 1500 IDR/kWh. 
By using modules manufactured in Indonesia, it entitles the university to get the high feed 
in tariff, which is assumed to 3600 IDR/kWh. This high feed in tariff makes Indonesia 
unique where the feed in tariff is more than double the price of electricity. This is an effort 
by the government to encourage the installation of grid connected PV. Even though it would 
make economic sense to put all produced electricity into the grid, for the purpose of this 
project priority will be given to powering the air conditioner first. 
Table 20 below shows the electricity costs for the first year of the current air conditioning 
system. Without any assistance from PV, the electric bill would be 17.00 m IDR. By using a 
PV system, the money made from the feed in tariff would mean the university would get 
paid instead of having to an electric bill. Using the 8 kW system the university would receive 
8.75 m IDR for the first year. This would be 28.42 m IDR for the 12 kW system. 
The money earned with a PV system will be constant over the years as the feed in tariff stays 
also constant. With increasing electricity costs the profit with a PV system decreases each 
year. 
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Table 20: Cost analysis of current AC system 

PV System with 
 current Air 

conditioners 
Grid backup 

[kWh] 
Feed in 
[kWh] 

First year total  electricity costs, 
1500 IDR/kWh for grid use, 
3600 IDR/kWh for Feed in  

without PV 11330 0 17.00 m IDR 

8.0 kW 4523 4314 -8.75 m IDR 

12.7 kW 2793 9057 -28.42 m IDR 
 
The first year electricity costs of the new air conditioning system are displayed in Table 21. 
The consumption of the new air conditioners is lower than the current ones, this gives a 
lower electric bill and a higher feed into the grid. For the 8 kW and 12 kW systems, 16.20 m 
IDR and 37.99 m IDR respectively, can be made for the first year. 
 
Table 21: Cost analysis of new AC system 

PV System with 
 new  Air 

conditioners 
Grid backup 

[kWh] 
Feed in 
[kWh] 

First year electricity costs, 
1500 IDR/kWh for grid use, 
3600 IDR/kWh for Feed in  

without PV 7874 0 11.81 m IDR 

8.0 kW 2144 5392 -16.20 m IDR 

12.7 kW 1427 11146 -37.99 m IDR 
 
Payback period  
The payback period is a calculation of how long it takes to recoup the investment of the 
project. After this time the project will become profitable. Payback periods for the 
different systems are shown in Table 22 and calculated after equation ( 12 ). Overall costs 
are accumulated costs including investment and electricity costs since project start. 
 
Table 22: Payback period in years with 7 % inflation rate 

System 

Payback period 

with Feed in tariff without Feed in tariff 

8 kW  current AC 5.0 years 10.0 years 

  new AC 4.8 years 11.0 years 

12.7 kW current AC 4.7 years 11.9 years 

  new AC 4.3 years 14.0 years 
 

∑ (𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑐𝑜𝑠𝑡𝑠 𝑤𝑖𝑡ℎ 𝑃𝑉𝑛 − 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑜𝑠𝑡 𝑛𝑜 𝑃𝑉𝑛)

𝑛,𝑝𝑎𝑦𝑏𝑎𝑐𝑘

𝑛=0

∙
1

(1 + 𝑖)𝑛
≥ 0 ( 12 ) 

 
With n  number of year 

n,payback  payback period in years 
i inflation rate (7 %)  

 
Figure 35 and Figure 36 visualises the initial investment costs over the project lifetime with 
feed in tariff and without feed in tariff respectively. The payback periods for the PV systems 
can also be read from the figures. It is where the lines from the PV systems intersect the line 
without PV system.  
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Figure 35: Overall costs with Feed in tariff and new air conditioners 

 
Figure 36: Overall cost without Feed in tariff and new air conditioners 

 
Average yearly electricity costs 
Without having a PV system, the average yearly electricity costs for powering the current air 
conditioners would be 43.00 m IDR. Equation ( 13 ) shows how these costs are calculated. 
Here the electricity price increases with the inflation, but not so the earned money from 
feeding in as the feed in tariff remains constant. One fact which the annual electricity cost 
does not display is the investment made. However, levelized cost of energy will consider this 
fact and is described below. 
 

𝐴𝑣𝑒. 𝑦𝑒𝑎𝑟𝑙𝑦 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡𝑠 =
∑ (𝑒𝑙. 𝑐𝑜𝑠𝑡𝑛 − 𝐹𝑒𝑒𝑑 𝑖𝑛 𝑏𝑒𝑛𝑒𝑓𝑖𝑡)25

𝑛=1

25 𝑦𝑒𝑎𝑟𝑠
 ( 13 ) 

 
A PV system lowers these costs greatly. With the 12 kW system, the annual electricity costs 
would come down to 10.60 m IDR in average. If excess energy is sold to the grid operator 
these costs go down again to minus 22.01 m IDR. New, more efficient air conditioners 
reduce the energy used and with it the electricity costs to even lower cost. Table 23 displays 
average annual electricity costs for different system configurations. 
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Table 23: Average yearly electricity costs with 7 % inflation rate and 25 years project lifetime 

System 
Average yearly electricity costs 

with Feed in tariff without Feed in tariff 

no PV current AC 43.00 m IDR 43.00 m IDR 

8 kW current AC 1.63 m IDR 17.16 m IDR 

12.7 kW current AC -22.01 m IDR 10.60 m IDR 
no PV new AC 29.88 m IDR 29.88 m IDR 

8 kW  new AC -11.27 m IDR 8.14 m IDR 

12.7 kW new AC -34.71 m IDR 5.42 m IDR 
 

𝐴𝑣𝑒. 𝑦𝑒𝑎𝑟𝑙𝑦 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑠𝑡𝑠 =
∑ (𝑒𝑙. 𝑐𝑜𝑠𝑡𝑛 − 𝐹𝑒𝑒𝑑 𝑖𝑛 𝑏𝑒𝑛𝑒𝑓𝑖𝑡)25

𝑛=1

25 𝑦𝑒𝑎𝑟𝑠
  

 
Levelized cost of energy 
The levelized cost of energy (LCOE) represents a per-kilowatt value of electricity used over 
the project lifetime (25 years). Using the feed in tariff, the 12 kW PV system and the new 
AC units the LCOE is -3,334 IDR/kWh. This is a very profitable system and a good result 
for the project. Even the worst case scenario 8 kW PV, current AC and no feed in tariff has 
a LCOE of 1,981 IDR/kWh, which is more than half of without PV (3,795 IDR/kWh). The 
projects profitability is dependent on the level of initial investment made. If the user is willing 
to invest in the 12 kW PV system and new air conditioning units the levelized cost of energy 
will be lower.  But if there is no possible feed in tariff the project size will reach a limit. As 
show in Table 24, the levelized cost for the 12 kW PV system using new air conditioners is 
higher than the 8 kW system. This means the 12 kW system is oversized and the 8 kW system 
should be chosen. Equation ( 14 ) displays how LCOE is calculated. 
 
Table 24: Levelized cost of Energy (LCOE) with 7 % inflation rate 

System 

Levelized Cost of Energy (LCOE) 

with Feed in tariff without Feed in tariff 

no PV current AC 3,795 IDR/kWh 3,795 IDR/kWh 

 8 kW current AC 611 IDR/kWh 1,981 IDR/kWh 

12.7 kW current AC -1,196 IDR/kWh 1,682 IDR/kWh 

no PV new AC 3,795 IDR/kWh 3,795 IDR/kWh 

 8 kW new AC -761 IDR/kWh 1,704 IDR/kWh 

12.7 kW new AC -3,334 IDR/kWh 1,762 IDR/kWh 
 

𝐿𝐶𝑂𝐸 =
𝐴𝑣𝑒 𝑦𝑒𝑎𝑟𝑙𝑦 𝑒𝑙. 𝑐𝑜𝑠𝑡𝑠 + 𝑦𝑒𝑎𝑟𝑙𝑦 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝑦𝑒𝑎𝑟𝑙𝑦 𝐴𝑖𝑟 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑒𝑟 𝑙𝑜𝑎𝑑
 ( 14 ) 

 
 

5.5 Off-grid system with batteries at classroom 

This is a rough sizing for an off-grid system with batteries for the classroom. The sizing 
includes inverter, PV panels and batteries. It will show how much larger an off-grid system 
needs to be compared to a grid-connected system.  
Three different off-grid systems will be compared, each using different air conditioners, but 
all providing the same cooling capacity. Two air conditioners are the same as used in the 
grid-connected system namely the current air conditioner with a COP of 2.78 and the new 
air conditioner with a COP of 4.0. These two air conditioners use alternating current (AC). 
The third air conditioner type is a DC air conditioner, also with a COP of 4.0. It only works 
on DC, meaning no inverter is needed here. 
In the classroom are currently three air conditioners installed, each with a cooling capacity 
of 5.2 kW, this will also be the cooling capacity used for this calculation.  



49 

The load profile is the same as used for the grid-connected system. The daily energy load 
depends on the COP and is 43.2 kWh for the current air conditioners and 30.0 kWh for the 
new and DC air conditioners. Table 25 shows sizing relevant data from the different air 
conditioners. More details for the current air conditioners can be found in the data sheet in 
Appendix H.  
 

 Q_cooling Cooling capacity for three air conditioners 

 COP  Coefficient of performance 

 I_Startup Start-up current for one air conditioner 

 I_operating Operating current for one air conditioner 

 P_3AC Operating power of three air conditioners 

 E_Load Energy load for three air conditioners 

Table 25: Air conditioners specifications 

  Current Air conditioners new Air conditioners DC Air conditioners 

Q_cooling 3x5.2 kW 3x5.2 kW 3x5.2 kW 

COP 2.78 4.00 4.00 

I_Startup 40 A 35 A   

I_operating 9 A 7 A   

P_3AC 5.6 kW 3.9 kW 3.9 kW 

E_Load 43.2 kWh 30.0 kWh 30.0 kWh 

 
Inverter sizing 
The inverter must be able to start and operate all three air conditioners in the classroom. It 
is assumed that one air conditioner starts after another. The minimum surge current for the 
inverter is therefore the operating current of the two air conditioners plus the start-up 
current for the last starting air conditioner. The minimum inverters surge power is the 
minimum surge current multiplied by 220 V. The inverters nominal output power must be 
at least the operating power of the three air conditioners. Table 26 displays the minimum 
inverter sizes and equation ( 15 ) to ( 17 ) the calculation to that. 
 

𝐼𝐼𝑛𝑣−𝑠𝑢𝑟𝑔𝑒 ≥ 2 ∗ 𝐼𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 + 𝐼𝑆𝑡𝑎𝑟𝑡𝑢𝑝 ( 15 ) 

𝑃𝐼𝑛𝑣−𝑠𝑢𝑟𝑔𝑒 = 𝐼𝐼𝑛𝑣−𝑠𝑢𝑟𝑔𝑒 ∗ 220 𝑉 ( 16 ) 

𝑃𝐼𝑛𝑣−𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ≥ 𝑃3𝐴𝐶 ( 17 ) 

 
 I_Inv-surge Inverter surge current 

 P_Inv-nominal Inverter nominal or rated output power 

 P_Inv-surge Inverter surge or peak power  

Table 26: Minimum inverter size 

  

Inverter specifications for: 

Current Air conditioner new Air conditioners DC Air conditioners 

DC/AC 
conversion 48 V to 220 V 48 V to 220 V no Inverter needed 

I_Inv-surge 58 A 49 A   

P_Inv-nominal 5.6 kW 3.9 kW   

P_Inv-surge 12.8 kW 10.8 kW   

 
The surge power for an inverter can be double the nominal power, but is usually not higher 
than that. Table 26 shows the required surge power more than double the nominal power. 
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This leads to an oversized inverter and increased costs. Positive about an oversized inverter 
is the increased inverter efficiency as the inverter will work closer to its peak efficiency, 
which is usually between 20 to 50 % of nominal output power. To be neither too optimistic 
nor too pessimistic for sizing an inverter the inverter efficiency was assumed to 93 %. 
 
Battery sizing 
With the known daily load, the battery capacity can be calculated. Because the air 
conditioners require a high operating power of up to 5600 W, a battery system voltage of 48 
V was chosen to reduce the DC current. To protect the batteries from deep discharge and 
extend their life time a depth of discharge (DOD) of 50 % was chosen. Each lead acid 
battery has a voltage of 12 V and capacity of 100 Ah. 
The daily irradiation is almost constant throughout the year, therefore the number of 
autonomy days have been chosen to one day. The losses between batteries and load are 
mainly caused by the inverter. These losses must be taken into account when sizing the 
batteries. As above described is the assumed inverter efficiency 93 %. The energy stored in 
the batteries, the battery capacity and the number of batteries are calculated with equations 
( 18 )to ( 20 ). The results for the different systems are shown in Table 27. 
 

𝐸𝐵𝑎𝑡 =
𝐸𝐿𝑜𝑎𝑑 ∗ 𝑛

𝐷𝑂𝐷 ∗ 𝜂𝐼𝑛𝑣
 

 

( 18 ) 

𝐶𝐵𝑎𝑡 =
𝐸𝐵𝑎𝑡

48 𝑉
 ( 19 ) 

𝑛𝐵𝑎𝑡 =
𝐶𝐵𝑎𝑡

100 𝐴ℎ
∗

48 𝑉

12 𝑉
 ( 20 ) 

 

 E_Bat Battery energy 

 C_Bat Battery capacity at 48 V 

 n_Bat  Number of batteries 

 n  Number of autonomy days 

 DOD  Depths of discharge 

Table 27: Required battery size for the different air conditioners 

  

Battery sizes for 

Current Air conditioner new Air conditioners DC Air conditioners 

E_Bat 92.9 kWh 64.5 kWh 60.0 kWh 

C_Bat 1935 Ah 1344 Ah 1250 Ah 

n_Bat 77 54 50 
 
The number of batteries required to reach this system capacity are theoretical values. The 
battery system shown here works on 48 V DC. With 12 V batteries four batteries must 
always be connected in series, meaning the actual number of batteries must be divisible by 
four. For comparison reason the calculated number of batteries will be used.  
 
PV Sizing 
For sizing the PV array, the month with the lowest daily irradiation was chosen. PVsyst 
simulations from the grid-connected systems show that this is June with 3.6 kWh/m²/day 
for the planned roof. The planned roof is faced north east with a 35 ° tilt angle. According 
to Küchler (2013) is that the roof at UBAYA’s campus with the highest annual solar 
potential. The number of peak sun hours (PSH) is therefore chosen to 3.6 h.  
The efficiency of the “Balance of System” (BOS) includes all losses between PV panels and 
air conditioners (load). Main losses here come from the charge controllers and batteries as 
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well as from the inverter. For the system with DC air conditioners and no inverter, the BOS 
efficiency is assumed to be 80 %. Including the inverter efficiency (93 %) is the BOS 75 %. 
For calculating the PV system power, the losses of the panels compared to standard test 
conditions (STC) must be included. The PV efficiency at the office system was measured 
(see Table 11). Compared to the maximum efficiency of 15.67 % that gives a STC efficiency 
of 74 %, which will be used here. For calculating the required PV area, the PV power must 
be divided by the PV module efficiency at STC.  Results for required PV power and area are 
shown in Table 28. The formulas used are ( 21 )and ( 22 ). 
 

𝑃𝑃𝑉 =
𝐸𝐿𝑜𝑎𝑑

𝑃𝑆𝐻 ∗ 𝜂𝐵𝑂𝑆 ∗ 𝜂𝑆𝑇𝐶
 ( 21 ) 

𝐴𝑃𝑉 =
𝑃𝑃𝑉

𝜂𝑃𝑉
 ( 22 ) 

 

 P_PV  PV system power 

 A_PV  PV system area 

 Eta_BOS Balance of system efficiency 

 Eta_STC Efficiency compared to STC conditions 

 Eta_PV Nominal PV efficiency at STC 

 PSH  Peak sun hours 

Table 28: Required PV size for the different air conditioners 

  

Photovoltaic sizes for 

Current Air conditioner new Air conditioners DC Air conditioners 

P_PV 21.6 kW 15.0 kW 14.1 kW 

A_PV 144 m² 100 m² 94 m² 

 
As expected are all three off-grid systems much larger than the grid connected systems. For 
the gird connected system with current air conditioners a 12 kW PV system was suggested 
and for the new air conditioners a 8 kW PV system was suggested. The off-grid systems 
require almost twice as high PV power, bigger inverters and a large number of expensive 
batteries. The batteries don’t just increase the investment greatly, they also need appropriate 
storing, maintenance and need to be changed about every 8 years (Layadi, et al., 2015). All 
these factors let the off grid systems be out of questions when PV powered air conditioners 
are planned and grid backup available is. 
If the system must be off-grid then a DC air conditioner would be the choice. With a high 
COP and no need for an inverter is the system efficiency the highest. It requires 50 batteries 
compared to 54 batteries for an AC air conditioner and the PV system power needs to be 
“only” 14.1 kW instead of 15.0 kW.   
Advantage of having an off grid PV system are that the air conditioners will be 100 % 
powered by the PV system and that it is absolute independent of the grid. Disadvantages are 
high investment costs for larger PV system and additional batteries needed. 
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6 Discussion and conclusions  
 

6.1 Discussion: Office 

Off-grid discussion 
The aim of testing an off grid system with the air conditioner was not completed. Errors 
with sizing inverters and measuring the start-up load meant a new inverter was needed which 
was not possible due to limitations on time and money. Even though the tests were not 
completed a greater insight into how the system should work was gained.  
The problems encountered while trying to run this system emphasize the problems with 
having an off grid system. The main issue with using an off grid PV system to power an air 
conditioning unit is the sizing of the components.  
The air conditioner used has a 350 W running power but the start-up power is about 2400 
W, this means the inverter has to be largely oversized to meet the start-up load. Purchasing 
a large inverter will of course increase costs.  
At this point was it not possible to continue with the off-grid tests, which was a 
disappointing end to the experiment considering the amount of time and effort put in. The 
fact that a 1000 W inverter with 2000 W surge is not able to run one of the smallest air 
conditioner on the market shows how important the start-up power is.  
The large start-up power needed means the inverter has to be greatly oversized.  Not only 
does the inverter need to be sized for the start-up but it is vital that the output wave of the 
inverter is pure sine wave. A lower quality waveform can damage the air conditioner. 
 
Second is the photovoltaic size, without back up from the grid the PV panels must produce 
enough energy to power the air conditioner. For the home office system that would be 350 
W for 10 hours a day, 3.5 kWh at the load side. During the days of measurement the PV 
output energy was about 3.4 kWh for the 800 W installed system. Usable for the load would 
be the energy after the system losses between PV panels and load, which is about 70 % of 
that. Therefore, the PV array must have been larger for powering the air conditioner several 
days. 
Finally and most significantly is the battery size. Lead acid batteries are expensive and limited 
cycle’s mean they would need to be replaced a number of times during the project lifetime. 
Battery lifetime depends on depth of discharge and number of cycles, which can be difficult 
to predict. A study by (Layadi, et al., 2015) calculates a mean lifetime of 8 years for lead acid 
batteries. This would mean the batteries would need to be replaced three times over the 
entire life of the project (25 years).  
Because the off grid system is completely reliant on PV power, battery storage is essential in 
times of low irradiation. At least one day of autonomy is needed, that means the batteries 
must be able to power the air conditioner for one day without any electricity being produce 
by the photovoltaics, which is not possible with the currently installed battery capacity of 
400 Ah. 
Using an off grid system would mean the air conditioners would be 100 % solar powered. 
Being independent from the grid would also mean that during power outages (which can 
happen frequently in Surabaya) the air conditioners would still operate. Unfortunately with 
the off grid system the cons outweigh the pros.  
Even though the off grid system is more expensive a comparison of the performance of the 
two systems would be interesting. The off grid system is already set up at the home office 
and all that is needed is another inverter. It is a great opportunity to compare the two systems 
under the same conditions and a possible topic for future studies.  
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On grid discussion 
Discussed in this section are the results of the on grid tests. For the on grid tests there are 
actually three different systems being used. The air conditioning system used to cool the 
room, the PV system used to power the air conditioner and the measuring system used to 
measure the electric consumption and production of the previous systems. All systems 
worked correctly giving a detailed view on how the whole process works.  
The air conditioning system runs from 07:30 to 17:30 with a set temperature of 22 °C. This 
was designed to replicate the conditions in a typical Indonesian office or classroom.  A 22 
°C set value is very low but it is a usual set temperature in Indonesia. It can often be low as 
17 °C with people in the room wearing extra sweaters and jackets to compensate. As 
explained in the “Chapter 2” air conditioners usually cycle on and off when the set 
temperature is reached. But as seen in the graph the air conditioner ran constantly all day. 
This can mean a number of things.  

1. The air conditioner could be undersized for this size of room. A more powerful one 
may be needed to reach the set temperature.  

2. While it has not been calculated exactly the U-value of the office is poor. In addition 
to that, there are two ventilation holes in the room, which provide fresh air 
circulation. Warm air from outside streams into the room continuously. This 
increases the ventilation heat losses greatly. 

3. With the outside temperature reaching 32 °C a set temperature of 22 °C is very low. 
A 10 K temperature difference between ambient and indoor is a lot of work for an 
air conditioner.  

As previously mentioned one of the main motivations for doing this study was to investigate 
the interaction between PV production and air conditioner use. When comparing PV 
production for the whole day to during office hours (07:30-17:30) the values are very similar. 
For the whole day an average of 3.6 kWh was produced and during office hours it was an 
average of 3.4 kWh. Out of the whole day only 0.2 kWh was produced outside office hours 
meaning nearly all of the electricity produced is available during office hours. This would be 
beneficial in countries with low or no feed in tariff as only a small percentage would have to 
be feed into the grid. 

Grid backup power has two major functions in this system. First is to supply power to the 
air conditioner when there is low PV production. Backup power from the grid used is an 
average of 20 % of the consumption of the air conditioner with the majority of it used in 
the final two hours of the day when irradiation is low. To decrease the grid use the panels 
would have to be oversized but even then from 15:00 onwards the irradiance on the panels 
is below 300 W/m2 and decreasing fast. Trying to power the air conditioner during this time 
with PV would oversize the system greatly unless batteries are used to store excess power 
during the day, but as previously stated this is an expensive solution. The second use is to 
power the air conditioner during startups, eliminating the need to oversize the inverter like 
in the off grid system. Using the grid backup means the inverter does not need to be 
oversized to meet the startup load. It simplifies the system so that batteries and charge 
controllers do not need to be used. There is a constant reliable supply from the grid which 
may not be the case with batteries if there is a long period of low irradiation.  

The 800 W PV system turns out to be well sized for this 350 W air conditioner. A quick list 
of the average values over office hours is shown in Table 29. The PV produced energy 
covers 80 % of the air conditioner load, the grid covers 20 % with 440 Wh being fed into 
the grid. 
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Table 29: Summary of office hour values 

Value Office hours (07:30-17:30) 

Air conditioner consumption 3.45 kWh 

Grid backup 720 Wh (20%) 

Inverter output used by AC 2.7 kWh  (80%) 

Feed in 440 Wh 

Advantages 

 It is a simple system: A reduced number of components means the complexity of 
the PV system is reduced. Only PV modules and grid tied inverter are used. 

 Low cost: Not using batteries reduces the cost significantly. Using the grid for 
startups means the inverter does not need to be oversized also reducing the cost. 

 Reliable: If there is a long period of low irradiation the grid will still be there where 
as in a battery system the storage could run out. 

  Inverter doesn’t need to be oversized: In the off grid system the inverter needs 
to be oversized for the startup load. In this grid connected system the grid provides 
the startup. 

 Excess electricity can be used: In an off grid system excess electricity can be used 
to charge the batteries but once the batteries are fully charged any excess electricity 
is wasted. In the grid connected system all excess electricity can be used. 

 Adaptable: This system set up can be adapted to work for different air conditioning 
units.  

Disadvantages 

 Not 100 % PV power: In the grid connected system there is about 20% grid use, in 
an off grid system it would be 100 % PV powered. 

 Cannot be used during black outs: If there is a black out which can happen 
frequently in Surabaya the grid connected system will not work.  

Comparison with previous study 
As mentioned in the section 1.4 “Previous work” a similar study was conducted where a 
hybrid (or inverter) air conditioner was powered by photovoltaic with grid backup (Aguilar, 
2013).  This experiment took place in Alicante, Spain. Three 235 W solar panels were used 
to power an inverter air conditioner with a cooling capacity of 3.52 kW. In cooling mode 
this air conditioning unit runs at 860 W. 
To make a direct comparison between the two experiments is difficult because of so many 
different factors including location, daylight hours, air conditioner size and technology, solar 
panels, temperatures and set points etc. Both system tested in this study and inverter air 
conditioning system tested in (Aguilar, 2013) work in a similar way. Both PV systems power 
an air conditioner, when there is low PV production grid backup provides the remaining 
power needed. There are two main differences between the system tested in this study and 
(Aguilar, 2013). First is the air conditioner, a more efficient but also more expensive inverter 
air conditioner used in (Aguilar, 2013). For a full description of inverter air conditioners see 
section 2.2.3. The second difference is the inverter set up. The inverter air conditioner can 
use DC current directly so no inverter is needed on the air conditioner side. A direct 
connection between PV and air conditioner will have higher efficiency than using an extra 
inverter. But if the excess power produced by the PV is to be fed into the grid then an 
inverter must be used. This limits the advantage of using the inverter air conditioning system. 
The inverter air conditioning system used by Aguilar (2013) can have a solar contribution of 
up to 65 % during summer months compared to the system tested in this study, which has 
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a solar contribution of up to 80 % but as previously stated to directly compare these systems 
is inaccurate. To get a true comparison similar test conditions must be created. 
 

 
PPV  Electrical power from photovoltaic panels 
PGRID  Electrical power from the grid 
PPV, GRID  Electrical power from photovoltaic panels to the grid 
PTOTAL  Total electrical power 
 
Figure 37: Inverter air conditioning system (Aguilar, 2013) 

 

6.2 Discussion: Classroom 

Thermal comfort and energy conservation 
One way to reduce the cooling load of the room is to get new air conditioners with a higher 
COP and a lower electrical consumption. Another way to reduce the cooling load is to look 
at the culture of air conditioner use and thermal comfort levels. Many studies have been 
conducted analysing thermal comfort levels and the potential for energy reduction with 
regard to air conditioning. While this type of study was not possible during this thesis, 
personal observations showed that energy conservation for air conditioning was not an issue. 
In many places like schools, shops, cinemas and restaurants air conditioners are sometimes 
set very low at 17°C to 19 °C with people wearing sweaters and jackets because it’s too cold. 
(Kwong, et al., 2013) shows that there is no loss in thermal comfort with a 2 °C increase 
(from 25 °C to 27 °C) as long as a higher air flow rate was present. (Yang & Su, 1998) found 
that 34.4 % reduction in energy use in buildings is possible by increasing the set temperature 
by 2 °C based on buildings in Taiwan. For Indonesia to become more energy efficient these 
concepts and mentality must be taken into consideration. 
 
Classroom results discussion 
The classroom was the site the PV system should be designed for. An analysis of the 
classroom air conditioner consumption, internal and ambient temperatures were recorded 
and analyzed. Based on the test results from the home office system two different size 
systems were proposed and simulated using PV syst.  
 
The consumption of the air conditioner was measured as before using the energy logger. In 
the home office system most variables were under control. For example the on and off 
times, set temperature and fixed internal gains (no one was entering of leaving the office). 
This was not the case with the classroom. 
Air conditioners cycle off when the set temperature is reached and cycle back on when the 
temperature goes over a certain limit. For the classroom, to determine why the air 
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conditioner cycles on and off so frequently during the morning and so little in the evening 
is difficult. There are many variables like external gains from ambient temperature, internal 
gains from the number of students using the room. Another variable which could not be 
controlled or recorded was the set temperature of the air conditioners. The air conditioner 
set temperature is in the control of the lecturer and was adjusted to their own comfort.   
The co-efficient of performance (COP) of the old air conditioners is 2.7 and the suggested 
new air conditioners have a COP of 4. Changing to the new air conditioners has a significant 
impact on the solar fraction used of the PV systems.  The 8.0 kW system increased from 60 
% to 72 % and the 12.0 kW increased from 75 % to 81 %.  The feed in values are also high 
this can be explained by the weekend numbers. Assuming there is no school or work during 
the weekend the produced electricity is fed into the grid.  
  
Considering a project lifetime of 25 years the results are very encouraging with a payback 
period of 5 years or under for all systems with Feed in tariff. See Table 22. The payback 
period is quite similar for all systems, because the 12 kW system produces much more 
electricity but the project costs are also much higher, while the 8 kW system produces less 
electricity, the project costs are also lower. Once the payback period is completed the 12 kW 
system would become more profitable. 
A calculation without any feed in tariff shows a payback period of 10 to 14 years. The feed 
in tariff is not necessary for this project to be profitable. Many countries have lower feed in 
tariffs than Indonesia but a similar project could be successful there also. In all calculations 
without feed in tariff, excess energy is not considered. This excess energy is fed into the grid 
for free or could be used within the University to lower the electricity use. If this excess 
energy could be used the payback period would decrease. The majority of the excess 
electricity produced is during the weekend because the classroom is not in use. For this 
electricity to be useful further study would have to be done to investigate how much 
electricity is used during weekends in the university.  
A look at the levelized costs in Table 24 best describes how the feed in tariff influences the 
sizing of the PV systems. Using the feed in tariff, the 12 kW PV system and the new AC 
units the LCOE is -3,334 IDR/kWh. This is a very profitable system and a good result for 
the project. Even the worst case scenario 8 kW PV, current AC and no feed in tariff has a 
LCOE of 1,981 IDR/kWh, which is more than half that of without PV (3,795 IDR/kWh). 
The projects profitability is dependent on the level of initial investment made. If the user is 
willing to invest in the 12 kW PV system and new air conditioning units the levelized cost 
of energy will be lower. But if there is no possible feed in tariff the project size will reach a 
limit. As show in Table 24, the levelized cost for the 12 kW PV system using new air 
conditioners is higher than the 8 kW system. This means the 12 kW system is oversized and 
the 8 kW system should be chosen.  
 
The next step for this project would be to bid for a feed in tariff with the proposed 12.0 kW 
system. If the bid is unsuccessful then the 8 kW system should be installed. These changes 
are all very good but in reality the cost of initial investment usually has a big influence on 
the project. With a total investment of 132.11m IDR for the 8 kW system and 211.43m IDR 
for the 12 kW system a budget for the project must also be decided before continuing.  
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7 Conclusion 

The tests conducted showed that using photovoltaics to power air conditioners can be 
economically beneficial as well as the environmental benefits. An average of 94 % of PV 
electricity produced is during the office/school hours of 07:30 to 17:30. The best way to 
connect PVs and air conditioning is through a grid connected system. A grid connection 
system has a much smaller initial investment than an off grid system, it is also less 
complicated system with greater efficiency. Off grid systems require oversizing of 
components where grid connected do not. Additional benefits of the grid connected system 
is the use of excess electricity. The Indonesian Government's introduction of a feed in tariff 
has made the use of photovoltaics a more appealing prospect, although some questions still 
remain on the availability of the tariff.  
With an average solar irradiation of about 4.8 kWh/m²/day (PWC Indonesia, 2013) together 
with a high feed in tariff, Indonesia is an attractive prospect for solar energy. 
The size of the system to be installed at UBAYA depends on certain factors, feed in tariff, 
use for excess electricity and project budget. If the feed in tariff is approved there is the 
potential to get a high rate of return and with so much available non shaded roof space at 
UBAYA, a bigger PV system will provide higher returns. If the feed in tariff is not approved 
the system size will be limited by the use of electricity. As the home office tests and 
simulations showed getting a higher solar fraction than 80 % for the air conditioners will 
produce a high amount of excess electricity. Unless there is a use for this excess the rate of 
return will be reduced. Finally is the budget, although the PV systems proposed have a 
relatively low cost in comparison to other off grid or battery systems, the initial investment 
is still high and would most lightly have an effect on system size. 
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Appendix A 
 
Voltcraft Energy logger 3500 (EM 2) 
 

1) Operating voltage 230 V/AC 50/60 Hz  

2) Max. power/current 3500 W/15 A 

3) Performance measurement display 0.1 -3500 W 

4) Display energy use 0.000 - 9999 kWh 

5) Display three lines with 4 positions each 

6) Tariff range 0,000 - 9,999 

7) Accuracy 5 - 3500 W (± 1% + 1 count)  

2 -5 W (± 5% + 1 count) 

< 2 W (±15% + 1 count) 

8) Buffer battery 3 V, CR1620 

9) Ambient conditions 10 - 50 °C/max. 90%rH (not condensing) 

10) Operating altitude: max. 2000 m (above MSL) 

11) Weight ca. 240 g Dimensions (LxWxH) 164 x 82 x 83 (mm) 

12) Overvoltage category CAT II 

13) Pollution degree 2  

14) Measurement tolerances Statement of accuracy in ± (% of reading + display error 

in counts (= number of smallest points)). The accuracy is valid at a temperature 

of +23°C ± 5°C, and at a relative humidity of less than 75 %, non-condensing 

 

 
Figure 38: Voltcraft energy logger 3500 (TD-er's Wiki, 2011) 
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Appendix B 
 

WANF energy meter (EM 1 and EM 3) 
 

1) Energy meter for measuring the real-time voltage of the power supply (170-240V 

AC), real-time current (0-15A), power factor (0-100%), and running power of 

appliances (1-2000W) 

2) Show power consumption (0.001-999.9kWh) on the easy-to-read screen, Measure 

real-time current & Power Factor and calculate electronic fees. 

3) Electricity cost calculator based on the customizable preset energy price (0-$9999) 

4) Operation condition monitor: The LED indicator will flicker if the real-time 

running power is over the preset standby power for a period of time. 

5) Display the running time of appliances (0-60 minutes to 24 hours to 999days) 

6) Adaptable voltage: 170-240V AC 

7) Peak load: 15A 

8) Operating temperature: -10-60 °C 

9) Humidity range: 10-95% RH 

 
Figure 39: Wanf energy meter 
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Appendix C 
 

Energy meter WSZ12DE (Pulse counter) 
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Appendix D 
 

Data Logger DAQRRO-5300 
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Appendix E 
 

Edgebox V12 datalogger 
 

 

  



68 

Appendix F 
 

Davis Pyranometer 7821 
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Appendix G 
 

Daikin Air Conditioning unit (FT15HEV1) 
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Appendix H 

 
Toshiba Air Conditioning unit (RAS-18UKX/18UAX) 
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Appendix I 

 
S series Charge Controller 
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Appendix J 

 
I-Solar 1 PV module 
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Appendix K 

 
1500W Modified Sine Wave Inverter (Intelligent) – Inverter 1 
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Appendix L 
 

1000 W Pure Sine Wave Inverter (Suoer) – Inverter 2 
 

Model FPC-1000A 

Peak Power 2000W 

Rated Power 1000W 

Output Waveform pure sine wave 

Output Voltage 220V/230±5V 

Harmonic Distortion ＜3% 

Output Frequency 50Hz 

Standby Current ＜0.9A 

Conversion Efficiency maximum 94% 

Rated Voltage 12V 

Maximum Input Current 120A 

Input Voltage Range 9V-16V 

Under Voltage Protection 9.5±0.5V 

Under Voltage Tip 10.2±0.5V 

Under Pressure Recovery 12.5V±0.5V 

Over Voltage Protection 15V±0.5V 

Over Voltage Protection 14.8V±0.5V 

High Temperature Protection Buzzer/ LED warning 

Output Short Circuit Protection Buzzer/ LED warning 

Output Overload smart control 

Load Power Factor 0.98 

USB Output 5V1000Ma 

Battery Reverse Protection fuse protection 

Cooling Way temperature control 

Working Temperature -20～60℃ 

Storage Temperature -20～80℃ 

Working Humidity 10～90% 

Product Size 325*180*85mm 

N.W. 2.77kg 

 

 

 

  

Figure 40: Pure sine wave inverter - Suoer FPC-1000A (Suoer Electronic, 2014) 
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Appendix M 

 
1000 W Grid Tied Inverter – Inverter 3 
  

Output Power 1000 Watt 

Type DC/AC Inverters 

Input Voltage 20-48VDC 

Output Voltage 230VAC(190-260VAC) 

Output Frequency 45-53Hz / 55Hz-63Hz (Automatic detection and adjustment) 

DC MAX. Current 50A 

MPPT voltage 26-36VDC 

Power Factor >97.5% 

Output wave Pure Sine Wave 

System type Grid tie 

Apply for Solar panel and Wind turbine system 

Solar panel power input 1200W 

 
 

 

Figure 41: Grid Tied inverter 1000 W (Bukalapak, 2015) 
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Appendix N 

 
Table 30: Energy cost based on 7 % inflation rate, Feed in tariff and current air conditioners 

Module: 12 kW System  8.0 kW System   

Manufacturer Sharp Sharp 

Module name ND-R245A6 ND-R245A6 

Nominal power per module 245 W 245 W 

Technology Si-poly Si-poly 

Number of modules 52 33 

Specific costs (Solar Server, 2015) 6,900 IDR/kWh 6,900 IDR/kWh 

Nominal system power 12.74 kWp 8.09 kWp 

Costs in Million Indonesian Rupiah 87.9m IDR 55.8m IDR 

Mounting cost roof     

specific costs (polycrystalline)  2,200 IDR/Wp 2,200 IDR/Wp 

Costs in Million Indonesian Rupiah (m IDR) 28.03m IDR 17.79m IDR 

      
Inverter:     

Manufacturer Steca Steca 

Inverter name StecaGrid 3010 StecaGrid 2300 

Nominal power per inverter 3.00 kWac 2.30 kWac 

Number of inverters (incl. Replacement) 8 6 

Global inverter's power 12.0 kWp 6.9 kWp 

Specific costs  1,900 IDR/Wp 1,900 IDR/Wp 

Costs in Million Indonesian Rupiah (m IDR) 22.80m IDR 13.11m IDR 

      
Total equipment cost 138.73m IDR 86.68m IDR 

Electrical installation material     

10 % of total equipment cost 13.87m IDR 8.67m IDR 

Installation (work)     

15 % of the total equipment cost 20.81m IDR 13.00m IDR 

Shipping     

2 % of total equipment cost 2.77m IDR 1.73m IDR 

      
Total project costs 176.19m IDR 110.09m IDR 

Project lifetime 25 years 25 years 

PV life time 25 years 25 years 

Inverter life time 15 years 15 years 

Margin for Engineering and profit     

20 % on total project cost 35.24m IDR 22.02m IDR 

       
Overall costs (without 20 % TAX) 211.43m IDR 132.11m IDR 

      
Energy cost     

Yearly energy consumption 11330 kWh/year 11330 kWh/year 

Yearly cost for investment 8.46m IDR/year 5.28m IDR/year 

Ave yearly electricity costs -22.01m IDR 1.63m IDR 

Levelized cost of Energy (LCOE) -1,196 IDR/kWh 611 IDR/kWh 
 


