
CH/EC278 Joules to Dollars 
Lab 8: Using a Bioshelter for Modeling Sustainable Energy Systems 

 
 Greenhouses have been used to control the growing conditions for plants since the 
Middle Ages and have become very popular in Maine for the production of tomato crops, 
extending the growing season into the fall and spring, and for the production of seedlings 
(starts) for outdoor gardens.  Salad greens are expensive and relatively temperature tolerant 
making them an excellent greenhouse crop.  At the Donihue/MacKenzie Farm, a Bioshelter is 
used for year-round gardening to produce salad greens as well as other edible crops and 
ornamental plants.  A bioshelter is a solar greenhouse maintained as an indoor ecosystem.  
A significant expense in operating any greenhouse is the heat required to keep the inside 
above freezing during the dark, cold winter months.  In this lab we will calculate the 
effectiveness of the bioshelter technology to collect solar radiation, store this energy for 
release during dark periods, and insulate the bioshelter from heat loss to the environment.  
These processes are shown in the following illustration: 
 

 
where Q is heat flux and T is bioshelter temperature.  As you can see from the illustration, 
heat enters the bioshelter in the form of sunlight.  Heat exits the bioshelter through vent(s) 
when the internal temperature reaches approximately 80oF and through the polycarbonate 
wall material at other times.  As you will remember from lab 1, the change in temperature of 
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the “system” is the total heat divided by the heat capacity (Cp) of the entire bioshelter.  Large 
heat capacities result in small temperature changes, effectively storing heat in the bioshelter. 
 The objective of this lab is to calculate the predicted temperature of the bioshelter over 
a full cycle of the seasons and analyze in some detail a subset of the components of the 
system.  Inputs to the model will be light flux, air temperature, wind speed, size and shape of 
the bioshelter, cost of construction, and cost of several auxiliary heat sources.  Modeled 
parameters will be the insulating effectiveness (R-value) of the shelter’s five-wall 
polycarbonate glazing, total heat capacity of the bioshelter, and the auxiliary heat needed to 
prevent freezing.  Some of the sensitivity analyses we will test include the suitability of 
alternative glazing materials, appropriate auxiliary heat sources, and the cost effectiveness 
of different crop types. 
 The class will work in teams to prepare the input data for this lab based on the recent 
climatological experience of the bioshelter.  During the first part of the lab we will combine 
our efforts to gather the inputs necessary to calculate dQ/dt (in twenty minute time steps) 
for the entire model period.  (Refer to the J2$ Excel tutorials for a review of numerical 
integration over well-defined time intervals.)   During the second part of the lab you will 
work with a partner to gather the necessary information to model and predict the bioshelter 
temperature based on literature values for Cp (4000 kJ/oC) and R (3 BTU/ft2 hr).  Finally, 
you will use MS Excel Solver to fit your model results to the actual bioshelter temperature 
data over the last year and assess the model’s accuracy. 
 Your lab write up should describe your complete thermodynamic model for the 
bioshelter and the economic sensitivity analysis of a subset of the system components. 
 
The charts below show air temperature and solar data for the bioshelter for 2014/15. 
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 The walls of the bioshelter must allow sunlight to pass through to drive plant 
photosynthesis and to heat the structure.  The walls also act as an insulating barrier to retain 
the solar energy inside the bioshelter. 
 The conductive heat flow through a wall is a function of the temperature gradient (∆T), 
surface area (A), and the insulating value of the wall material (R). 
 

 𝑑𝑑𝑤𝑤𝑤𝑤𝑙𝑙𝑙𝑙 = 𝐴𝐴×∆𝑇𝑇
𝑅𝑅

 (1) 
 
Heat flow can move in both directions depending on the temperature of the outside air and 
the temperature of the air inside the bioshelter.  This calculation is a simplification because 
it doesn’t include the effects of wind blowing on the bioshelter, but this effect should be small. 
 Sunlight is the major source of energy to the bioshelter.  As you remember from General 
Chemistry, sunlight is composed of polychromatic radiation (radiation at many 
wavelengths).  The total energy available in sunlight is equal to the energy of each photon  
 
 E = h × ν (2) 
 
multiplied by the photon flux (E – Einstein’s), where an Einstein is the flux of a mole of 
photons per second. 
 
 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑤𝑤𝑙𝑙 = ∫𝐸𝐸𝜆𝜆 × 𝐼𝐼𝜆𝜆 = (𝑝𝑝ℎ𝐵𝐵𝑑𝑑𝐵𝐵𝑒𝑒 𝑓𝑓𝑒𝑒𝑓𝑓𝑓𝑓) × solar constant   (3) 
 
 Photochemists and art conservationists use spectral radiometers to make wavelength 
specific measurements of light energy, but these instruments are very expensive and large.  
Consequentially, field biologists and gardeners often make a good assumption that the 
energy distribution of the sun in the visible wavelengths is constant and simply scales up and 
down with intensity. Sensors that measure Photosynthetically Active Radiation (PAR) report 
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a total photon flux (uE/m2 s) for light at all wavelengths that support photosynthesis (400-
700 nm).  Our PAR sensors have a solar constant (conversion factor) of 0.219, 
 Etotal = 0.219 × Itotal(uE/m2 sec) (4)  
allowing the energy of sunlight in the wavelength range 400-700 nm to be calculated from 
the flux (Itotal) of sunlight to the Bioshelter.  A flux of 2000 uE/m2 s in June delivers about 400 
W/m2 of PAR energy to the bioshelter.  The total energy from sunlight in W/m2 is almost 
exactly twice the value of PAR.  For plant growth rates we should use PAR.  For solar heating 
we should use the total energy of the sun (about 1000 W/m2 in the summer).  Notice that 
this energy drops by more than 50% in mid-December. 
 Energy storage is critical to retaining the meager energy of the winter sun in the 
bioshelter to prevent freezing at night.  Recall that heat and temperature are related to the 
heat capacity of the material. 
       ∆T = Q × Cp      (5) 
 In General Chemistry we learned that the heat capacity of water was 4.18 J/oC g.  
Suppose that the bioshelter has a mass of 35 metric tons of water and dirt.  Scaling up the 
heat capacity of water to the mass of the bioshelter gives an effective heat capacity of 150 
MMJ/oC (This is probably an overestimate since some of the water and soil will not be 
available for heating/cooling).  This storage is critical in buffering the bioshelter from large 
swings in temperature.  The top panel in the figure below shows the predicted total heat flow 
and temperature for the bioshelter over a year using the climatological data from Colby’s 
weather station. 
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 Notice that according to the model’s predictions, the bioshelter freezes in January and 
February.  The bottom panel in the diagram above shows a blowup of the heat fluxes over 
these cold winter months.  To save the bioshelter we can turn on some external heat.   
 The figure below shows the same model with added heat when the bioshelter reaches a 
temperature of 35oF.  Notice the horizontal line in the bottom panel showing the required 
heat.  The model predicts that 11 MMJ of heat needs to be added each year to prevent 
freezing.  Your job is to determine when and how much energy you must produce to prevent 
a freeze up.  Energy can be used to run a heater, or energy can be used to move heat around 
the bioshelter to maximize Cp.  We could also build a better bioshelter.  There are alternative 
materials that make it possible to increase the R-value of the glazing material to 8 with only 
a slight decrease (15%) in light transmission.  Of course, energy and materials costs money 
and can produce emissions with significant environmental costs. 
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Lab Activities 
 
1. Construct and analyze a thermodynamic model for the bioshelter, including a sensitivity 

analysis of the different system components. 
 

2. Provide a detailed analysis of a subset of the system components found in the 
bioshelter: 

a. Subterranean Heating & Cooling system - evaluate the performance of this air 
exchange system as a heating/cooling system 

b. Solar energy - analyze the heat flux of the ecosystem resulting from the sun's 
energy with two different glazing materials (R=3 & R=8). 

c. Thermal storage - evaluate the thermal storage features (heat capacity) of the 
bioshelter (soil and water) 

d. Plant growth/food production - which plants/foods make economic sense for 
growing in the bioshelter? 

e. Passive vs active systems - what's the best way to heat and cool the bioshelter? 
f. Climatology & thermal resistance - what effect does weather have on the 

functioning of the bioshelter? 
 
Team assignments: 
 

A. (d) & (f): George, Julian, Divya, Kel, Emma, Albertha 
 

B. (b): Grace, Fred, Danqing 
 

C. (a): Evan, Savannah 
 

D. (c): Chi, Andrew 
 

E. (e): Spencer 
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