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ABSTRACT 

This paper presents an application of renewable 
energy systems and building thermal simulation tools 
to the design of a 145 m2 off-grid, three-bedroom, 
modern house. EnergyPlus is used to perform the 
dynamic thermal simulation, generating a typical 
yearly demand profile that corresponds to a daily 
energy load of 6.26 kWh. The tool Homer is then used 
to size the standalone energy system that combines PV 
(2 kW), a small wind turbine (1 kW) and a battery 
bank (600 Ah). As expected, the building achieves the 
highest energy performance level according to the 
Brazilian thermal regulation of buildings.  
 

INTRODUCTION 
The concept of the sustainable modern house was first 
introduced in the US in the second half of the last 
century in the context of the bioclimatic architecture 
movement. Due to limitations in renewable energy 
system performance, early bioclimatic solar houses 
struggled to meet contemporary performance 
standards. The combination of this limitation with 
architectural designs that failed to successfully 
integrate design elements such as trombe walls and 
passive solar gains systems led to a slow expansion of 
the sustainable modern house concept. Since the 
beginning of this century there has been a renewed 
interest in this concept, visible in the European 
Passivhaus initiative (“Passive House Institute,” 
2012) and several recent examples in the US (Parker, 
2009).  

This paper presents an off-grid zero energy house that 
attempts to go beyond state of the art by combining a 
modern architecture design with renewable energy 
systems. The thermal performance of the design was 
optimized using EnergyPlus (Crawley et al., 2004) and 
the renewable energy system was sized using HOMER 
(Lambert et al., 2006).  

The house is located near Catuçaba (altitude 1500 m), 
a small village 150 km northeast from São Paulo, 
Brazil, where the climate is influenced by the altitude 
with dry winters and temperate summers. The single-
family house has three bedrooms (BR) and a living 
room that includes the kitchen (see Figure 1). It is 
partially suspended, following the slope of the hill  

 

where it is built, allowing for the technical area for the 
renewable systems to be integrated under the living 
floor, in contact with the ground (semi-buried). A 
wood deck creates a covered veranda outside the 
living room. Sliding wood louvers in the north side 
can transform the veranda in a semi-closed space. 

Despite the usual construction materials in Brazil, 
essentially brickwork, the house materials are 
lightweight (mainly wood frame insulated with PET 
wool) to simplify construction and reduce structural 
loads. The living room walls are glazed (double-
glazing, instead of the usual single-glazing in Brazil), 
creating a link between the living space and the 
surrounding forest. Due to its remote location, the 
house is not connected to the electrical grid, creating a 
need to have on-site energy production and storage. 

 Due to daily and seasonal mismatch between energy 
demand and renewable energy supply the use of more 
than one renewable source is mandatory in order to 
meet the electrical load demands with minimum 
storage. The proposed electricity production and 
storage system is shown in Figure 2. It consists of a 
PV array, a wind generator and a battery bank. The 
domestic hot water (DHW) system relies on solar 
thermal panels, a hot water storage tank and a gas-fired 

Figure 1 - Plan (top) and side view with shading 
system closed (bottom) 
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condensing water heater (back-up). Space heating 
demand is met by several wood-burning stoves 
(salamander). 
 

THERMAL PERFORMANCE 
OPTIMIZATION AND SIMULATION 
The design of a zero energy contemporary architecture 
house requires a balance between aesthetics and 
energy performance. We will start with a weather 
analysis that will inform building shape/orientation 
and assist in the selection of building materials. In this 
phase the goal is to minimize the heating and cooling 
needs.  

Weather analysis 

A representative weather year was created using the 
software tool Meteonorm. In Catuçaba, solar radiation 
is consistently high throughout the year with an 
average total solar radiation in the horizontal plane of 
1500 kWh/m2.year. The average monthly temperature 
varies between 19.3 ºC (February) to 12.8 ºC (July). 
Three to four days of intense and persistent fog often 
occur between May and July, decreasing the apparent 
temperature by 8 ºC. 

The combination of medium to low insulation 
construction with the occurance of temperatures 
below 17ºC in more than 50% of the year, create the 
need for active heating systems (see Figure 3). In 44% 
of the year the temperature is between 17ºC and 25ºC. 
The temperature only raises above 25ºC in only 2% of 
the year.  

Figure 4, shows that the daily thermal amplitude is 
higher in the warmer days. In these cases it is 
important to explore the effect of exposed internal 
mass. In the warmer months, this strategy, combined 
with an adequate solar control and natural ventilation 
may be sufficient to control indoor temperature and 
provide comfort without a mechanical cooling system. 

Building orientation 

The best building orientations maximize the ability to 
collect useful solar gains during the heating season 
while avoiding undesirable gains in the warmer 

months. Therefore, in the southern hemisphere, 
bedrooms and living spaces should face north. Still, a 
rotation of 25º from true north has an impact of less 
than 10% on the heating demand. This amount of 
rotation may be required to facilitate building 
integration in the terrain so that the house is 
approximately parallel to the terrain contours and 
occupants can enjoy the view of the valley. 

Roof Thermal Insulation 

A green roof was the first element considered to 
provide thermal mass to the building. It would provide 
a dampened daily thermal amplitude, reduce the heat 
island effect, harvest rainwater and provide other 
green space related benefits. However, such roof 
would create difficulties on the integration of 
renewable systems and require a structural overload 
on the light-weight wooden structure that would 
nullify its environmental advantages. Further, in a 
rural site the benefits of a green roof are indistinct of 
those of the adjoining area. Therefore, a light-weight 
insulated construction is used in the roof: wood board 
infilled with stabilized cellulose, 11 cm (see Figure 5, 
left). 
 
Thermal mass  

As discussed, in a climate with high daily thermal 
amplitude in warmer days, exposed thermal mass is 
essential to balance the indoor temperature and 
provide inertia against temperature fluctuations. As 
both walls and roof are mostly lightweight, the heavy 
layer is placed on the floor: concrete paving slab, 4.5 
cm, and compressed earth block, 5 cm (see Figure 5, 
center).  

Figure 2 - Renewable energy production and storage

Figure 4 – Daily Temperature Amplitude 

Figure 3 – Outdoor Temperature Distribution 
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Glass type and glazing area 

The initial concept of the building included glazed 
walls both in the living room and in the hallway 
(south-facing). Given the absence of a panoramic view 
to the south and the increased heating needs related to 
this aditional glazing element, the glazing area of the 
hallway was reduced to 10% of the wall area. Single-
glazed windows are the default choice for houses in 
Brazil. However, the heat loss in a single-glazed 
window is two times higher than that of the walls 
considered in the project (see detailed description 
below), leading to high thermal losses, temperature 
assymmetries and occupants discomfort. For this 
reason the proposed design uses wood-frame double-
glazing (U-valueunshaded = 3.30 W/m2 K; U-valueshaded 
= 2.80 W/m2 K). 

 

Building Materials 

The internal partitions and envelope construction, 
listed from the outside to the inside, are the following 
(maximum U-values, as defined by the Brazilian 
thermal regulation of buildings (Inmetro, 2012), are 
presented in brackets): 

Northern exterior wall: Wood cladding (2.5 cm), OSB 
(8 mm), studs infilled with PET wool (9 cm), OSB (8 
mm), air gap (34 cm), OSB (8 mm), studs infilled with 
PET wool (9 cm), OSB (8 mm). Overall U-value: 0.40 
W/m2 K. (U-valuemax = 2.50 W/m2 K). 

Southern exterior wall: Wood cladding (2.5 cm), OSB 
(8 mm), studs infilled with PET wool (9 cm), OSB (8 
mm). Overall U-value: 0.79 W/m2 K. (U-valuemax = 
2.50 W/m2 K). 

Eastern exterior wall: Compressed earth block (40 
cm). Overall U-value: 1.89 W/m2 K. (U-valuemax = 
2.50 W/m2 K). 

Floor: Wood board (2 cm), joists infilled with PET 
wool (5 cm), cement bonded laminated wood board 
(5.5 cm), concrete paving slab (4.5 cm), mortar (15 
mm), compressed earth block (5 cm). Overall U-value: 
0.56 W/m2 K. (U-valuemax = 1.50 W/m2 K). 

Roof: Cement bonded laminated wood board (4 cm), 
beams infilled with stabilized cellulose (11 cm), wood  

 

 

board (2 cm). Overall U-value: 0.51 W/m2 K. (U-
valuemax = 1.50 W/m2 K). 

Interior walls: Gypsum board (2.5 cm), PET wool 
insulation (7.5 cm), Gypsum board (2.5 cm).  

Overhangs size 

Glare and high solar gains can be controlled in 
summer by the 2.15 m roof overhang. It can block the 
high summer direct radiation by completely shading 
the north façade (Figure 6, bottom image) while 
allowing indirect radiation to naturally light indoors 
without compromising the visual contact with 
outdoors. In the winter, the bedroom windows are 
completely shaded during the morning (Figure 6, top 
image), but the low radiation is able to penetrate and 
heat the indoors after noon. Window shades 
complement the action of the overhangs. However, 
they block the interaction with the exterior, so they are 
mostly used to provide privacy and further control of 
sunlight, avoiding thermal and light discomfort when 
temperatures are too high or there is too much 
radiation.  

Figure 5 – House features:  Roof insulation (left); floor thermal mass and covered veranda (center); west 
compressed earth block wall, overhang and deck (right) 

Figure 6 – Sun position and shadows representation 
at 12h on the 21st of June (top) and 21st of December 

(bottom) 
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Ventilation strategy 

As discussed in the weather analysis, the combination 
of adequate solar control, thermal mass and natural 
ventilation can eliminate the ventilation and cooling 
related energy demand. In a narrow building, cross 
ventilation is the most adequate solution. Small 
windows on top of façades and interior walls will 
promote a good indoor air quality and temperature 
without the effects of excessive air velocity in the 
occupied zone. Occupants can also operate sliding 
windows in all spaces if the indoor temperature is too 
high. Openable area is up to 19% of the floor area in 
the bedrooms and 35% of the floor area in the living 
room.  

Simulation Model 

The thermal simulation was performed in EnergyPlus 
(Crawley et al. 2004). This tool has been successfully 
validated for simulation of free-running buildings 
(Mateus et al. 2014). The building geometry was 
created in Sketchup. Each of the compartments shown 
in the houseplant (Figure 1), plus the hallway, is a 
separate thermal zone. The veranda is not modeled as 
it is an outdoor space.  

Constructions are defined according to the building 
materials previously indicated. Both east and west 
walls, as well as the roof overhangs are modeled as 
shadowing surfaces. The sliding wood louvers and the 
bedrooms window blinds are modeled as shading 
devices. The living room and the veranda sliding 
louvers are set to close in the model when the outdoor 
air temperature exceeds 20 ºC. The bedroom blinds are 
set to close in the model when the indoor air exceeds 
24 ºC.  

 

 

To model natural ventilation in EnergyPlus, all the 
openings were characterized according to project. 
Pressure coefficients were obtained with CP 
Generator (TNO, n.d.) and introduced in the 
AirFlowNetwork model. The discharge coefficient is 
set to 0.6 (Aynsley, 1999). Natural ventilation is 
modeled as a function of indoor and outdoor 
temperature, as discussed in the following chapter.  

To maintain a comfortable indoor temperature, the 
IdealLoads model is set to heat the different thermal 
zones. Moreover, it supplies outdoor fresh air at 1 
ACH in each zone: approximately 0.01 m3/s per 
occupant. No mechanical cooling is modeled.  

Internal loads equipment level is defined according to 
a previous study (Carrilho da Graça et al., 2012), as 
shown in Table 1. The analysis includes all the typical 
domestic appliances as well as highly efficient 
models, such as washing machines that use solar pre-
heated water, at 45ºC, the typical temperature used by 
this appliances. Lighting and occupancy are also 
modeled according to project. 

 

Table 1 – Equipment level 

EQUIPMENT ANNUAL 
USE (kWh) 

DAILY 
USE (h) 

POWER 
(W) 

Fridge 140 24 16 
Freezer 225 24 26 
Entertainment 220 4 151 
Microwave 125 1 342 
Appliances 95 2 130 

Figure 7 – Window opening schedules 
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Schedules 

Natural ventilation availability is dictated by 
temperature: the zone windows open if the indoor air 
temperature is higher than a defined temperature and 
lower than the outdoor air temperature. Bedrooms and 
living room must have distinct defined opening 
temperatures as they have a different envelope and 
occupancy. Figure 7 shows the opening temperatures 
of upper and lower windows of the different zones as 
a function of the year seasons. 

The opening temperatures for the upper windows are 
lower because these smaller windows are used to 
provide fresh air with low air velocities. The lower 
windows are wider and mostly opened to promote a 
higher airflow, for cooling. In the living room during 
summer, opening temperatures are set from 17ºC to 
19ºC at night to purge the day heat and keep cool 
temperatures during day. The heating system 
maintains occupied spaces above 20ºC. Heating is 
available from 17h to 8h in bedrooms and from 10h to 
24h in the living room. The occupancy and lighting 
schedule were defined according to Table 2.  

The simulation scenario described so far is labeled 
Opt. To better understand the thermal behavior of the 
house, three other scenarios were created: 

Single-glazing instead of double-glazing – scenario 
SG (U-valueunshaded = 5.10 W/m2 K);  

Lightweight instead of heavyweight floor – scenario 
LF (Wood board (2 cm), joists infilled with PET wool 
(5 cm), Wood board (2 cm), U-value = 0.81 W/m2 K); 

Single-glazing and lightweight floor – scenario 
LF,SG. 

Results and discussion 

The zone mean air temperatures predicted for the Opt. 
scenario are shown in Figure 8. The bedroom air 
temperature is between 19ºC and 25ºC during 95% of 
the year. In the living room this percentage is 69%, 
due to the following factors: higher glazed/heat loss 
area and the effect of night-cooling in the warm season 
during the cold nights.  

 

Initial simulations showed that because the house is 
well insulated, even the diffuse light entering through 
the southern windows could make the internal 
temperature uncomfortably hot in summer. To reduce 
this effect, vertical shades are used to shade the highly 
glazed façades. 

Figure 10, shows the number of hours with indoor air 
temperature above 25ºC, different scenarios. In the 
living room the difference between scenarios is 
negligible, probably due to high air change rates. The 
outdoor temperature raises above 25ºC in only 2% of 
the year In the bedrooms the difference is clear, as the 
spaces are less exposed to outdoors. Still, the 
difference in the heating need is more relevant. Figure 
9 shows the heating demand for different scenarios. As 
expected the scenario with lower insulation and 
thermal mass has the highest demand. 

Table 2 – Internal gains schedule 

INTERNAL GAINS BEDROOMS LIVING ROOM HALLWAY 

LIGHTING 

5 W/m2 6 W/m2 4 W/m2 
00h - 23h 0% 00h - 17h 0% 00h - 17h 0% 
23h - 24h 100% 17h - 23h 100% 17h - 23h 100% 

  23h - 24h 0% 23h - 24h 0% 

OCCUPANCY 

45 W/m2 60 W/m2   
BR 1:  2 occupants 4 occupants   

BR 2 and 3: 1 occupant    
00h - 09h 100% 00h - 09h 0%   
09h - 23h 0% 09h - 23h 100%   
23h - 24h 100% 23h - 24h 0%   

Figure 8 – Zone mean air temperature histogram

Figure 9 – Number of hours with indoor air 
temperature above 25ºC, different scenarios 
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Figure 10 – Zone heating need, different scenarios 

 

SIZING OF THE RENEWABLE ENERGY 
SYSTEM  

Space Heating 

It was a project requirement that the space heating 
demands were met by wood-burning stoves. All of the 
existing equipment has a higher nominal heat output 
than the requirement for the different spaces. Thus, the 
equipment choice was based on the assurance of 
appropriate air ducts and combustion air exhaust. 

Solar Thermal 

The solar thermal system was sized according to the 
Brazilian thermal regulation of buildings (Inmetro, 
2012). The water supply temperature was considered 
to be the average outdoor temperature of the 
corresponding month and the radiation data was 
obtained from the Brazilian solar radiation database 
(CRESESB, 2014).  

The DHW consumption considered included both 
showers and other uses, such as dishwasher and 
washing machine, in a total of 75L at 45ºC per 
occupant. The annual energy demand for DHW is 
about 3200 kWh. The installation of two solar 
collectors with 2.26 m2 (absorber area), facing north 
with a tilt angle of 23º (the tilt that corresponds to the 
higher mean annual production), meets 77.3% of the 
annual load. The DHW system uses a 300L DHW tank 
and a gas-fired condensing water heater backup with 
enough power to supply the peak needs.  

Hybrid stand-alone renewable energy system 

The hybrid stand-alone system was sized using 
HOMER. The daily demand profiles were created 
based on the loads presented at Table 1 and 2. Three 
demand profiles were tested, as shown in Figure 11.  
The profiles differ from each other on the appliances 
load hours. The goal is to assess each profile 
correlation with the hybrid system energy production 
and allow a decreased cost and size of the system.  

Based on the availability in Brazil and the suitability 
of the following equipment, the proposed system is 
composed by: 

PV panels – Multi-crystalline, 1.65 m2, 250 Wp, 
15.1% efficiency; north-oriented, tilted 34º (the tilt 
angle that ensures the highest monthly minimum 
production);  

Wind generator – permanent magnet generator, up-
wind, horizontal-axis, three-bladed turbine; 2.5 m 
rotor diameter, 1 kW rated power at 11 m/s wind 
speed; 

Battery bank – Lead-acid, 2V, 600Ah, 80% depth of 
discharge;  

Inverter/Controller – 3.2 kW, 24V, 3 DC-power input, 
1 AC-power input, 1 AC-power output; integrated 
power connection and control unit. The 
inverter/controller defines whether the PV and wind-
generator DC power output is used to charge the 
batteries or to supply the house load, avoiding 
unnecessary battery cycles that degrade the battery.  

Table 3 – Estimated Costs of Equipment 

EQUIPMENT 
POWER / 

CAPACITY 
QUANTITY 

ESTIMATED 
COST (US $) 

Wood burning stove (Bedrooms) 6 – 8 kW 3 $ 21820 
Wood burning stove (Living Room) 9 – 15 kW 1 $ 15700 

Solar Thermal System (Panel + Tank)  1 $2500 
Gas-fired condensing water heater (STS backup) 30 kW 1 $ 3000 

PV panels 250 W 8 $ 2104 
Wind-generator 1000 W 1 $ 2790 

Batteries 600 Ah, 2V 12 $ 6400 
Inverter 3200 W, 24V 1 $ 5000 

TOTAL   $ 59314 

Figure 11 – Daily demand profile 
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The solar radiation data obtained  from the Brazilian 
solar radiation database (CRESESB, 2014) was again 
used. The wind resource data was obtained from the 
Brazilian Wind Energy Resource Atlas (CRESESB, 
2001). Further, a capacity shortage of 1% and an 
operating reserve of 10% of the hourly load were 
defined. The three scenarios were subject to a 
sensitivity analyses that tested the different 
combinations shown in Table 4. 

Table 4 – Tested configurations 

PV WIND 
BATTERY 

BANK 
INVERTER 

1.5 kW 1 kW 12 batteries 
in series 

(24V, 
600Ah) 

3.2 kW, 24V 
2.0 kW 2 kW 
2.5 kW  
3.0 kW  

Results and discussion 

The most adequate system size for each scenario is 
presented in Table 5. For every case, the installation 
of more than one wind-generator is not cost-effective. 
Scenario 1 has the smaller capacity shortage, but 
requires the installation of 2.5 kW PV while both 
scenarios 2 and 3 only require the installation of 2 kW 
PV.  

Table 5 – Hybrid system sizing results 

SCENARIO 1 2 3 

SHORTAGE 0.4% 0.8% 0.8% 
PV 2.5 kW 2.0 kW 2.0 kW 

WIND 1 kW 1 kW 1 kW 
BATTERY 

BANK 
12 batteries in series (24V, 600Ah) 

INVERTER 3.2 kW, 24V 

 

 

As seen on Figure 13, the wind generator output 
profile follows the PV output profile, which leads to a 
high state charge of the batteries during the afternoon 
(Figure 12). This period, roughly comprised from 11h 
to 16h is the ideal to allocate appliances loads. 
Combining the system configuration of 2 kW of PV, a 
1 kW wind generator and a battery bank with a 
capacity of 600 Ah plugged to a 3.2 kW inverter with 
the demand profiles of scenario 2 or scenario 3, the 
system achieves an autonomy of 39h. As shown in 
Table 3, the whole renewable system, including the 
DHW backup has an estimated cost of $59 314, 63% 
of which corresponding to the wood burning stoves. 

 

 
Figure 12 – Batteries state of charge along the year – scenario 3 

 

Figure 13 – Mean hourly energy need and production – scenario 3 
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ENERGY CERTIFICATION 
The Brazilian thermal regulation of residential 
buildings, RTQ-R, evaluates a house based on its 
envelope and on the domestic hot water heating 
performances. Three parameters are calculated: the 
envelope performance when cooling, EqNumEnvResf, 
the envelope performance when heating, EqNumEnvA 
and the DHW performance, EqNumEnvAA. Each 
parameter is assessed from 1 (E class, the worse) to 5 
(A class, the best) and the final class results from a 
weighting of all. For the location of Catuçaba, the 
weightings are 42% envelope when cooling, 23% 
envelope when heating and 35% the DHW. The non-
mandatory energy efficiency initiatives are valued 
with a bonus parameter that can add up to 1 value to 
the final classification. 

The house achieves the following scores in each 
parameter: EqNumEnvResf=2.77; EqNumEnvResf=4.44; 
EqNumAA=5; Bonus=0.72. The final classification is 
4.92, that corresponds to the highest rate, class A. 

 

CONCLUSION 
In our perspective this work has shown that it is 
possible to integrate renewable energy and passive 
architecture systems into a contemporary building 
design.  

The simulation results show that external shading and 
natural ventilation in combination with thermal inertia 
can be very effective in this type of climate. The 
warmer days have cool nights, allowing for an 
effective use of night-cooling. In cold days the use of 
wood-burning stoves is crucial to maintain indoor 
temperature adequate.  

The use of a schedule of movable demand (appliances) 
allows for significant downsizing of the energy 
storage and production systems. The combination of 
this optimized schedule with efficient appliances 
allows the daily household energy load of 6.26 kWh 
to be supplied by the 3.0 kWp hybrid system. 
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