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Summary 

Little Intelligent Communities (LINCOS) began as a joint initiative of the Costa Rican Foundation for 
Sustainable Development, the MIT Media Lab and the Costa Rican Institute of Technology to promote 
community development in remote regions of Latin America through the use of information and 
communication technologies. The author worked with the LINCOS design team in 1999 to produce a 
prototype classroom constructed from used shipping containers. This prototype became a model for a 
network of “digital pods” that have been distributed throughout Costa Rica and the Dominican Republic 
with the goal of improving community healthcare, business opportunities and educational facilities.  
The aim of this project is to design a more thermally comfortable, energy-efficient building envelope to 
house the new generation of LINCOS classrooms. In a directed research project within the School of 
Architecture at the University of Arizona, our group will design and model an operable building envelope 
that will ventilate the interior and provide daylight. This same envelope system will incorporate 
photovoltaic cells to generate solar power for classroom use. Our intention is for the building envelope to 
be an operable filter rather than a hermetic barrier; the user will be able to continually tune the envelope to 
mediate different thermal and lighting conditions. Prefabricated construction systems that disassemble for 
compact shipping have been researched with the goal of decreasing transportation costs. This paper will 
compare material sustainability and energy efficiency of the new design with the existing LINCOS unit. 
Because of the kinetic and technical requirements of an operable envelope system, the design process 
included both analytical and empirical means of experimentation. Our group will bring together the hand 
and mind in the process by working simultaneously with computer-aided analysis and digital fabrication. In 
particular, we will use digital fabrication (laser cutters, 3-d printers and CNC routers) to produce 
dimensionally accurate prototypes quickly for hands-on real-scale testing. 

 

1.  Introduction 
Our research has shown that most prefabricated buildings are based upon ‘style’ and only superficially 
respond to energy conservation through high insulation values, (i.e., walls viewed as barriers). Very few 
prefabricated structures adequately respond to local environments and hence are awkward on the site and 
make inefficient use of solar and wind resources. It is the premise of this work that the performance of 
prefabricated buildings can be significantly improved through intelligent design and material selection. Our 
team improves the design of the LINCOS building system through the use of modularity, design of a 
‘tuneable’ envelope, efficient space planning, use of photovoltaic cells and the sensitive selection of 
recyclable materials.  
This research is being applied to the existing computer classroom constructed from recycled 2438mm x 
2590mm x 6096mm ISO shipping containers. Approximately twenty of these classrooms have been built 
and are located in Costa Rica and the Dominican Republic. This paper will assess the energy efficiency of 
the existing system and review the application of our passive strategies to a new design for the LINCOS 
classroom. This effort seeks to increase the efficiency and sustainability of the LINCOS building system by 
implementing passive design strategies for lighting, ventilation, cooling, and energy production. 

2.  Background 
LINCOS is a network of digital community centers that enable people living in remote areas to have 
access to current communication technologies. The LINCOS system arrives to a community as a package 
that includes telemedicine facilities, email service and a computer classroom. Local people help to prepare 
the grounds, erect shading canopies and participate in the care and maintenance of the system. Key to 
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the success of the initiative is the sensitivity of the insertion of new technologies into rural areas and the 
degree of ownership taken by community members. The project strives to support sustainable medical, 
educational and economic development in remote communities in the midst of a rapidly changing world.  
The ‘pods’ use sustainable building practices that include passive technologies for cooling and the 
adaptive reuse of shipping containers, chosen for their availability, low cost and modularity as some units 
were assembled in groups to form larger systems. The tropical climate required the adoption of passive 
cooling via shading systems and natural ventilation. Shading canopies were developed in accordance with 
the cooling needs of the pod and in congruence with the abilities of the local industry. Transportation 
played a role in the design process as some communities were located in remote mountainous regions. 
Most areas were accessible by truck though many required helicopter transport. 
The current work is a product of a directed research project by the School of Architecture at the University 
of Arizona in conjunction with the Foundation for Sustainable Development in Costa Rica. Our group 
sought to bring together analytical and empirical means of design to stress the importance of working with 
both hand and mind during design development. Critical to the process was the immediacy of working 
simultaneously with both analogue and digital means of design, analysis and fabrication.  

2.1 Climate Data 
For the purpose of this research, our team is utilizing the climatological conditions of San Jose, Costa Rica 
to evaluate the performance of both the existing and proposed LINCOS building system designs.  The 
climate data is as follows: 

Table 1  San Jose, Costa Rica Climate Data 
Average Temperature 20.3 deg C 

Annual Rainfall 150 – 200 cm 
Elevation 1,150 m 

Wind Forces  E, NE at 2-7 km/h 
 
The solar angles for the peak midday and afternoon hours during the solstice and equinox periods were 
calculated utilizing the SUN software program (Chalfoun). The altitude and azimuth angles are derived 
from the global coordinates for San Jose of 10 deg N latitude and 84 deg W longitude.  (Table 2) 

Table 2  San Jose, Costa Rica Sun Angle Data 
DATE SOLAR TIME Altitude Azimuth 

12 noon 76.55 deg 0.00 deg June 21 3 pm 45.07 deg 66.71 deg 
12 noon 79.80 deg 0.00 deg September 21 3 pm 44.09 deg 79.88 deg 
12 noon 56.55 deg 0.00 deg December 21 3 pm 34.73 deg 52.13 deg 

 
Solar Radiation data was derived based on the latitudinal location for San Jose of 10 deg N by 
interpolating the published solar radiation data of 8 deg N and 16 deg N (ASHRAE).  The data depicts 
average radiation for a fully exposed surface normal to the sun angle excluding secondary reflective 
radiation. 

Table 3  San Jose, Costa Rica Average Solar Radiation (10 deg N) 
Date (at 12 noon) Isun  (W/sq m) 

June 21 881.8 
September 21 960.0 
December 21 1038.7 

3. Existing Design 
An existing LINCOS system ranges in cost from $82 000 to $150 000 depending on the footprint size and 
the type of equipment installed. The basic unit is composed of a standard a 2438mm x 2590mm x 
6096mm ISO shipping container fitted with six computer stations and a telemedicine facility.  The total 
electrical power requirements for the LINOCS unit at full capacity are as follows: 

Table 4  Power Requirements for LINCOS unit 
Equipment Component Power Requirement Quantity Total Power Requirement 
CPU (80 GB, 400 MHz) 305 watts 2 610 watts 

Monitor (CRT based) 110 watts 7 280 watts 
Scanner 15 - 30 watts 1 30 watts 

Mechanical Fan 3.5 watts 1 3.5 watts 
(Lighting – *fluorescent) (14 watts) (10) (140 watt) 
Lighting – incandescent 100 watts 10 1,000 watts 

TOTAL   1,923.5 watts 
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*low-energy lighting option 
Table 5  Daily Power Load Demand 

[Power x Daily use x Days in use / 7 = Average use per Day] 
Component Power (watts) Daily use (hrs/day) Days in use Ave. use per day 

CPU 610 w 8 7 4880 watt hrs/day 
Monitors 280 w 8 7 2240 watt hrs/day 
Scanner 30 w 1 7 30 watt hrs/day 

Mechanical Fan 3.5 w 8 7 28 watt hrs/day 
Lighting 140 w 2 7 280 watt hrs/day 
TOTAL    7458 W hr/day 

 

3.1 Passive Strategies 
A pvc fabric canopy was designed to shade the unit at times of maximum daily and seasonal heat gain. 
(Figure2))  Current ventilation of the LINCOS system is achieved with a low-power fan and a series of 
small openings along the base and top of the long sides of the unit.  The existing design also includes a 
set of double doors at both short ends of the unit, to enter and exit the separate rooms. (Figure1)  The 
energy required to power the computer systems and lighting is achieved from connection to an electrical 
grid, where available, or from batteries.  

    
Figure 1 Existing elevations 

3.2  Energy Evaluation 
The existing LINCOS unit was evaluated utilizing CalPas3 energy analysis software in order to simulate 
the internal temperature relative to thermal comfort levels based on the psychrometric chart.  The results 
indicate relatively high internal temperatures for eight months of the year, including an internal 
temperature high of 39.4 degrees Celsius, for an unshaded unit, while a fully shaded unit has an internal 
temperature that decreases by an average of 2 degrees.  Although it is assumed that the vents of the 
existing LINCOS unit remain open to 50% free area at all times for ventilative cooling, there is not an 
adequate amount of air flow through the interior of the unit to effectively reduce the relative humidity and 
thermal comfort level.  Because of the amount of heat energy generated within the unit by the computer 
systems and occupants, and the limited amount of opening-to-wall ratio within the exterior shell, the heat 
becomes trapped within the unit resulting in high internal temperatures.  Our team will address the issue of 
increasing envelope openings for ventilative cooling in order to reduce the high internal temperatures and 
improve the thermal comfort for occupants within the unit via passive systems.  The remainder of the 
energy analysis indicates that the energy consumption of the equipment within the unit consists of an 
energy load that would be feasible to accommodate with a photovoltaic system.  Our team will address the 
issue of energy production for computer systems, artificial lighting, and low-power fans through the 
application of photovoltaic technology. 

 
Figure 2 LINCOS module with pvc fabric canopy. The canopy provides to shade for the container. 
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3.3 Construction 
The construction and installation of the LINCOS system requires considerable community effort. This 
criterion is built in the program to encourage a community to take ownership of the project. Used Shipping 
containers are obtained at no cost and modified to become the primary envelope. To address solar gain, 
vents are cut in the sidewalls and the interior is wrapped with 25mm rigid foam insulation. The design of 
both container and canopy was developed by in accordance with local manufacturing capabilities. The 
photographs below show a partial sequence of the construction process. 
 

 
Figure 3 Partial construction procedure of a LINCOS unit 

4.  New Design  
The new design was conceived to address the overall quantity of energy consumed in the production, 
transport, and operation of the classroom. This initiated a prefabricated design that folded compactly for 
ease of shipping, incorporation of passive strategies of ventilation and passive means of power 
generation.  

 
Figure 4 Existing plan housed in a 2438mm x 2590mm x 6096mm ISO shipping container. 

 

 
Figure 5 The new plan houses the six computer stations in a significantly smaller footprint/volume. The 

shaped louvers within the apertures provide a variable opening and help to direct airflow. 

4.1 Lightness, Modularity and Prefabrication  
Our envelope solution began with the design of a prefabricated panel system. Performance criteria 
required the envelope to be lightweight, ship compactly, and be easily assembled on site. These 
requirements were an effort to lower the overall embodied energy used in the construction and 
transportation as the ISO shipping container weighs 3780 kg unloaded. It is anticipated that transportation 
costs can be significantly reduced through the design of a modular panel system that is able to be 
packaged efficiently. 
The envelope is constructed from planes that fold to form an efficient structural system. This simple folding 
dramatically increases the load bearing capacity of the panel without the excessive addition of material –
this is similar to the properties that cardboard gains through the curvature of the inner layer. The panels 
have such structural integrity that the need for a frame is eliminated, thereby lowering the amount of 
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material required to construct the envelope. The envelope is constructed from an array of identical panels 
that can be unfolded into a flat plane, intended to lower fabrication costs and facilitate onsite construction. 
The envelope has been redesigned with less floor area and volume than the existing classroom. The 
interior volume of the ISO container is approximately 1360 cubic feet with a surface area of 776 square 
feet giving a surface to volume ratio of 1.75:1. The new design is 625 cubic feet with a surface area of 476 
square feet with a surface to volume ratio 1:3. 
An aluminium/polyester resin composite panel was chosen due to its high strength to weight ratio. The 
panels are 19mm aluminium honeycomb with an inert polyester fibreglass sheet laminated to each side. 
Panels weigh 4.88 kg/sq m –total weight of the envelope is approximately 250 kg, or 6.6% the weight of 
the ISO container. The high embodied energy cost of aluminium is offset by its durability and its ability to 
be fully recycled. This panel is also translucent allowing light to the interior and direct heat gain is 
mitigated by the ‘louver action’ of the honeycomb cells. 
 

 
Figure 6  Study sketches of the proposed panel system. 

4.2 Passive Ventilation and the Active Envelope 
The aim of the new design is to compose an envelope that actively responds to its’ environment. This 
system has been designed as a variable filter that seeks to passively light and cool the interior. 
The first solution is a louver system that depends directly on the user and is manually operated. The 
second system is based on the biological analogue of the leaf stomata and has the ability admit tuned 
quantities of air and light to the interior volume. The goal is to respond to local variations in temperature 
and light, thus mitigating the energy requirements of the classroom. 

 
 

Figure 7  Model of the panel, unfolded panel and the assembled system 
 

 

 
Figure 8  Section showing the interior and the photovoltaic canopy of the proposed modular design.  
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4.2.1 Active Envelope 1: Manual Actuation  
The first manually operated system intends to bring the user of the building back into the equation. This 
design allows the user to continually operate and tune the envelope to provide the desired lighting and 
thermal levels to the interior space. The proposition that the user plays an active role in adjusting the 
comfort level of a building (via operable windows) is quite fundamental, but in today’s world the highly 
insulated sealed box has become so prevalent that we substitute the norm for the sensible. 
The proposed manual active envelope design is partially based on the premise of lightweight vernacular 
architecture of the hot humid climates, and the concept of permanent ventilative cooling due to the 
ambient air temperature seldom exceeding 32.2 deg C. (Chandra, p.44)  For the most efficient ventilative 
cooling application, we are implementing natural ventilation for purposes of cooling occupants and fan-
forced ventilation to maintain adequate air exchange for removing heat from the building interior.  We are 
proposing that ventilation alone provides sufficient air exchange and air circulation to cool the occupants 
at all times.  The new design includes larger openings and directionally adjustable lenticular louvers fitted 
within each panel opening to accomplish this. A low-power fan will be located within the space above a 
row of computer stations to evacuate the rising hot air out of the building interior and facilitate adequate air 
exchange.  An opening at the roof will also assist in air exchange due to the stack effect of air densities 
and will provide natural daylight to the interior space. 
Openings of the unit are centrally located within each wall panel in order to direct the air flow through the 
space and to avoid the “wall jet” effect. (Chandra, p.54)  Occupants can manually adapt the range, 
number, and location of openings in the envelope that create air flow patterns to achieve desired thermal 
comfort levels.  The openings of each panel are equal in size in order to maximize air flow; but openings 
can be adapted by the extent of louver-opening to create outlets that are slightly larger than inlets in order 
to increase air speed through the interior space. 

4.2.2 Active Envelope 2: Temperature Responsive Stomata 
This second design is a speculative application of the temperature sensitive shape memory alloy nitinol, 
composed primarily of nickel and titanium, to develop a facade that actively responds to variable 
environmental conditions. The alloy has the interesting attribute of contracting up to four percent of its 
length, triggered by temperature, and exerts considerable force. The trigger temperature can be targeted 
via an electric current or when the ambient temperature reaches the response point. This material is 
attractive as it serves as a non-mechanical actuator thus reducing the number of moving parts within a 
given kinetic system. 
 

 
   a)  Existing (minimal ventilation)          b) Proposed (maximized ventilation) 

Figure 9 a+b  Ventilation comparison of existing and proposed system. 
 
The leaf stoma was taken as a biological analogue to develop a responsive envelope that is able to adjust 
its porosity according to interior and exterior temperature fluctuations. Stomata, in most plant species, 
occur in the epidermis on the underside of the leaf act as valves that permit the exchange of gases 
between the plant and its’ environment. Stomata are responsive to a multitude of environmental 
conditions, including variations in light, wind, carbon dioxide and temperature and vary the porosity of the 
leaf surface accordingly. The stoma is constructed of fluid filled guard cells that are often elliptically 
shaped. The osmotic entry of water increases the pressure (turgidity) within the guard cell -activating the 
flaccid membrane causing elongation proportional to the opening ratio. 
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Figure 10   Plan of the aperture array and section of the initial prototype (1:1). 

 
This is the first of a series of experiments of a variable porosity envelope actuated with nitinol. The initial 
prototype (Figures 10 - 12) is rough but serves to illustrate the potential of the design. The envelope 
operates as an array of thermally activated valves triggered at targeted temperatures that control the 
surface porosity. A mylar skin has been laminated to a porous substrate and fitted with a 30 mm x .15 mm 
diameter nitinol wire which can exert a maximum pull of 330 grams. The mylar serves as a non 
mechanical hinge. These apertures are meant to cover the entire envelope surface. 

4.3 Passive Power Generation 
Based on the climate and solar radiation data for San Jose, Costa Rica, and the relatively low power load 
demand (Table 5) of a LINCOS unit, it is feasible to provide power via photovoltaic (pv) cells covering 
approximately 2.5 square meters (Table 6) of surface area assuming that the pv surface remains within 15 
degrees of normal to the solar noon radiation angle during the summer and winter seasons. 
 

Table 6  Photovoltaic Cell Surface Area Requirement 
 

Average Solar Radiation =  801.8 W/sm + 960 W/sm+ 1038.7 W/sm   = 960 W/sm 
               3  
960 W/sm x 6 hr / day = 5760 W hr/day-sm          
 
5760 W hr/day-sm x 0.60 = 3456 W hr/day-sm           (60% clearness factor) 
 
PVpower = 7458 W hr/day + (0.15 x 7458) = 8576.7 W hr/day      (15% loss to BOS components) 
 
Array =  8576.7 W hr/day       = 2.48 sm 

3456.0 W hr/day-sm 
 
 

 
Figure 11   Photograph of the initial prototype. 

 
In order to compensate for the varying daily and annual sun angles, thin-film pv cells can be integrated 
into the pvc shading canopy covering a greater surface area than required, and excess energy generation 
can be transferred to a battery storage compartment.  Power generated from the pv cells while the 
electrical equipment is not in use will be stored within a 56 amp-24 hour rate, 18.1 kg, 228mm x 138.4mm  
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Figure 12   Photograph showing the envelope system in the closed and open position. 

 
x 224mm battery array; this is essential for the stand-alone system when the sun is not shining on the 
canopy, and for conserving potential power supply when demand is low.  

5.0 Energy Evaluation  
The manual actuation of ‘active envelope 1’ (modular panel design) was simulated in CalPas3 energy 
analysis software and compared with the existing LINCOS unit.  The results for both the unshaded and 
shaded modular panel designs indicate internal temperature levels averaging 3-4 degrees lower, 
respectively, than the existing unit due to an increased amount of air flow through the interior.  This 
creates a decrease in wet-bulb temperature when charted on the psychometric chart and significantly 
improves thermal comfort levels.  The volume of air flow increases by approximately 90% with the new 
modular panel design.  Although the aluminium/polyester resin composite panel provides a U-value of 
0.269 compared to an insulated ISO container U-value of 0.139, the internal temperature of the new 
design remains lower throughout the year because of increased ventilation.  A simulation of the modular 
panel design including one layer of 25mm rigid foam insulation was conducted in order to compare it to 
the existing unit with an equivalent envelope U-value.  The addition of insulation to the new design 
lowered the solar gain, but did not affect the average internal temperatures.  The solar gain of the new 
unshaded unit are higher than those of the unshaded existing unit, but this factor was easily remedied by 
providing complete shading coverage with a pvc canopy similar to the existing shaded unit.  Based on the 
energy analysis for passive ventilation strategies, the conclusion is that a fully shaded, un-insulated 
modular panel design performs better than the existing, fully shaded, insulated ISO shipping container. 

6.0 Conclusion 
The operable systems posited in this study strike a balance between the low tech and the high, between 
manual interaction to control thermal comfort and the automatic. A key issue was to increase the 
performance of prefabricated systems by focusing on the responsiveness of the building envelope, 
specifically the notion that the envelope act as a tunable filter. Our effort was premised on the notion that 
in order to maintain equilibrium there must be a degree of activity. This incorporates the principle of 
homeostasis- that an organism maintains a continuous exchange of matter and energy with its 
environment. Towards this end, we plan to continue to investigate the larger goal of making 
environmentally responsible prefabricated building systems.  
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