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ZERO  
ENERGY

What happens when a 
building scientist and his 
family design and build 
their own house?
B Y  PA U L  T O R C E L L I N I ,  P H . D . ,  P. E . ,  M E M B E R  A S H R A E

CASE STUDY TORCELLINI RESIDENCE

Photos: Paul Torcellini, except where noted

AFTER 30 YEARS of giving advice as a building science 
and energy-efficiency researcher, I, with my wife and three 
boys, had the opportunity to design and build our own 
house from scratch. What decisions would I make now that 
it was my home and my money? My wife and I also wanted 
to show that it was possible to design and build a zero 
energy house on a fixed typical new construction budget 
and that we could contain costs by carefully considering 
trade-offs between energy use, amenities, architectural 
considerations, aesthetics and other constraints.

Nearly completed view of the south 
façade showing the sunroom windows 

and the overhang that shades the 
house in the summer and provides 

passive solar heat in the winter.

It was definitely a family effort. We 
started the design process in the 
spring of 2014, and the house was 
substantially complete by early 2016. 
We used many conventional strate-
gies and materials, but we also intro-
duced a number of innovations that 
may not be for everyone. 

As a family, we have some unique 
requirements. For one thing, we raise 
and grow much of what we eat, and 
the house had to accommodate food 
storage and a kitchen that sees lots 
of use. We also homeschool our three 
boys, so we had to design classroom 
space. The goal was to build a modest 
house with conventional styling using 
conventional framing techniques that 
includes the amenities most would 
expect from a 2,500 ft2 house with a 
garage and a basement. 

HOUSE  
EXPERIENCE
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Located in Eastford, Conn., the 
house sits on a relatively flat lot in a 
mixed hardwood/softwood forest. The 
only utility available at the site is 
grid-connected electricity, although 
it would be possible to bring in pro-
pane or oil if we chose to. The house 
was designed to be all-electric. The 
net-metering agreement compares 
the amount of energy “purchased” 
from the grid and “sold” back to the 
grid and the difference is reconciled 
annually. The meter connection 
fee is $19.25/month, and the util-
ity charges about $0.17/kWh for 
purchased electricity.

Siting and Building Envelope
The 1.5 story house is designed to 
resemble a 1925 Arts and Crafts-style 
bungalow we renovated in Colorado 
in the early 2000s. We were drawn 
to this style because it reflects the 
conservation ethics and lends itself to 

an efficient, compact design that mini-
mizes envelope area.

The walk-out basement includes a 
two-car garage as well as a modern 
root cellar for food storage. The base-
ment is conditioned and is included 
in the normalized energy numbers. 
The back of the house faces due 
south and has a semiconditioned sun-
room that extends the entire length 
of the first floor. The roof is pitched 
at 27º to the south and was designed 
to accommodate 9.4 kWdc of 
photovoltaic (PV) panels (Figure 1). 

The first floor has a “living hall” 
that includes a living room, kitchen, 
library (part of our homeschooling 
accommodation), laundry, and master 
bedroom. The second floor contains a 
large open space and a second over-
sized bedroom. The open space could 
be configured for a third bedroom, 
but currently serves as a hobby room. 

The 12 in. thick walls comprise a 
double row of studs with a thermal 
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ABOVE Paul and Julia with their three 
boys and Scramble the Duck. Scramble, 
a special member of the family, has 
become a state-wide celebrity—see 
scrambletheduck.wordpress.com.

Zero Energy

FAMILY LIFE

Figure 1 FIRST FLOOR PLAN

For us, zero energy is a lifestyle 
choice. Yes, we designed the 
house with elements that just 
work—such as window orientation, 
insulation and LED lighting. 
However, each component of life 
deserves scrutiny of its value. We 
don’t care that we don’t have a 
dishwasher, TV (we had one and 
no one ever turned it on) and 
rarely use the dryer. 

Our lifestyle has created a 
family of avid readers, musicians 
and animal caregivers. Our three 
boys get dirty, and we use a 
front-loader washer to clean their 
clothes (sorry, no washboard); 
the clothesline is gentle on 
clothes (naturally sanitized by 
the sun), dishes are cleaner, 
and hobbies include gardening, 
cooking and trying to minimize our 
environmental footprint. 

If we really want to make a 
difference for sustainability and 
creating a healthy environment, we 
need to look at all the decisions 
that we make. Living a zero energy 
lifestyle has been good for the 
family. Compact floor plan 

includes a sunroom 
that can completely 
heat the house on a 
sunny day.
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break between them. The fiber 
cement siding has a ¾ in. weep gap 
to separate it from the taped, air-
impervious sheathing. Twelve inches 
of blown fiberglass fills the stud 
cavity, with a continuous air bar-
rier between the insulation and the 
drywall. All exterior electrical out-
lets have gaskets to seal them to the 
drywall, and all wall penetrations are 
sealed with expanding foam. 

Blown fiberglass also fills the cav-
ity between the 12 in. roof rafters. 
Perpendicular furring is used to sup-
port the plasterboard. Like the wall 
sheathing, the roof deck is taped. 
An air space provides ventilation 
between the roof deck and the stand-
ing-seam metal roof. 

The roof has an Energy Star-rated 
roof. An air gap below the metal roof 
provides ventilation to keep the roof 
system cool. Another benefit of the 
roof system is the ability to clip on 
the PV panels, which further shades 
the roofing structure, doesn’t require 
roof penetrations, and ultimately 
reduces summer heat gain to the 
roof and improves interior comfort. 
A minimum of R-50 insulation was 
used on all exterior walls and the roof 
structure, and portions of the roof 
exceeded R-80.

The windows are double hung, 
which typically increases infiltra-
tion rates. Although not the perfect 
energy-efficiency option, we chose 
them because they fit the architec-
tural style of the house. Unlike case-
ments, they do not stick out from the 
façade, and they can be opened dur-
ing the frequently wet Connecticut 
weather. The true double hung also 
allows for top ventilation to vent hot 
air from the house.

The number of windows on the 
east, north, and west façades were 
minimized. However, their sizes were 
determined by egress requirements, 
and their glazing was “tuned” to the 

BUILDING AT A GLANCE

Name Torcellini Residence

Location Eastford, Conn.

Miles from nearest major city 35 miles 
northeast of Hartford, Conn.; 35 miles 
south of Worcester, Mass.

Owner Paul and Julia Torcellini

Principal Use Residential 
  Includes Farm operation: brooder lamps 
and extra chest freezers

Employees/Occupants 5

Expected (Design) Occupancy 5

Gross Square Footage 3,597 (includes 
basement, but not 500 ft2 for garage) 
  Conditioned Space 3,597 (Note that 
basement is not living space, but is part 
of the conditioned envelope.)

Distinctions/Awards 
2016 DOE Zero Energy Ready Home,  
Housing Innovation Award, 2016 Winner; 
2015 Connecticut Zero Energy Challenge 
Overall Winner 

ENERGY AT A GLANCE

Annual Energy Use Intensity (EUI) (Site)  
11.13 kBtu/ft2 
  Electricity (Grid Purchase) 1.74 kBtu/ft2 

Electricity (on-Site Solar or Wind 
Installation) 9.39 kBtu/ft2 

Annual On-Site Renewable Energy 
Exported 7.77 kBtu/ft2 

Annual Net Energy Use Intensity 

1.74 kBtu/ft2

Savings vs. Standard 90.1-2007 Design 
Building N/A for residential

ENERGY STAR Rating N/A

Carbon Footprint  0.29 lb CO2e/ft2 • yr

Percentage of Power Represented by 
Renewable Energy Certificates 0%

Heating Degree Days (Base 65˚F) 6,151

Cooling Degree Days (Base 65˚F) 677

Annual Hours Occupied 8,760

WATER AT A GLANCE

Annual Water Use N/A  
(well water is not metered)

KEY SUSTAINABLE FEATURES

Water Conservation 1 pint/flush toilets; 
ability to separate graywater from 
blackwater; rainwater harvesting

Recycled Materials Reused/salvaged 
kitchen cabinets; range; sinks; tubs; light 
fixtures; furniture (antiques)

Individual Controls Each room hydronic zone

Transportation Mitigation Strategies Wired 
for electric vehicle in garage

Other Major Sustainable Features No 
latex/plastic finish products used; (no VOC 
materials in finishes); local oak wood floors 
(rejected pieces/short ends); deck milled 
from on-site lumber

BUILDING ENVELOPE

Roof
Type 12 in. rafter with cool roof deck; 
standing seam Energy Star rated metal
Overall R-value 55 (cathedral) to 80 (attic)

Walls
Type 12 in. thick, 16 in. o.c. double stud 
with exterior drainage plane
Overall R-value 50

Basement/Foundation
Slab Edge Insulation R-value 10
Basement Wall Insulation R-value 22

Windows  
Effective U-factor for Assembly  
S 0.48 ENW 0.24
Solar Heat Gain Coefficient (SHGC)  
S 0.48 ENW 0.24
Visual Transmittance  
S 0.54 ENW 0.44

Location  
Latitude 42°N
Orientation South

BUILDING TEAM

Building Owner/Representative  
Paul Torcellini

Architect Paul Torcellini

General Contractor Paul Torcellini

Mechanical Engineer Paul Torcellini

Electrical Engineer Paul Torcellini

Energy Modeler Paul Torcellini/Karla 
Butterfield (HERS rater)

Lighting Design Paul Torcellini

Commissioning Agent Paul Torcellini
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orientation. These windows have a 
U-value of 0.29. 

The house is sun-tempered, mean-
ing most of the windows face south. 
These windows perform a different 
function than the other windows in 
the house; so, to achieve a higher 
solar heat gain coefficient, we had 
to accept a slightly higher U-value. 
The sunroom is thermally isolated 
from the rest of the house and can be 
closed off when the sun is not shin-
ing, which minimizes the losses from 
these windows.

The overhang, a classic feature of 
bungalows, is designed to shade all 
the south glass from the high summer 
sun, while allowing low winter sun to 
penetrate the sunroom. 

The whole house infiltration rate 
was measured at 0.8 air changes per 
hour at 50 Pa. The framer and insula-
tion contractors were diligent about 
sealing penetrations. Only one blower 
door test was performed at the end 
of construction as part of the energy 
certification process.

Heating, Ventilating,  
And Air-Conditioning
The space heating system is a 1.5-ton 
air-to-water heat pump using CO2 
for the refrigerant (COP = 3.7). This 
provides heat to a 12-zone radiant 
floor system as well as for domestic 
hot water. (I’m a mechanical engi-
neer, so I had to have lots of zones!) 
A heat exchanger isolates the radiant 
system from the domestic hot water. 
An 80-gallon storage tank meets hot 
water demands.  

On sunny days, the sunroom can 
heat the house. Small windows at the 
top of the sunroom allow hot air to 
enter the second floor. An opening on 
the north side of the house between 
the upstairs balcony and the living 
room completes the air circulation 
pattern to move solar heat throughout 
the house without fans.

The windows and floor plan allow 
breezes to flow freely through the 
house for natural ventilation. Cool 
air can enter through the walkout 
basement on the lowest level of the 
house and exit through the second 
floor, especially when it isn’t windy. 

This allows us to ventilate the house 
at night for cooling and close it up 
during the day to preserve the cool-
ness of the previous night. We’ve 
found this to be an effective cooling 
mechanism—even when outdoor 
temperatures exceed 94ºF, the house 
temperature has not exceeded 74ºF. 
The result is that the house requires 
very little mechanical cooling. 

However, to qualify for the utility 
rebate for zero energy houses,1 we 
had to get a HERS rating2 from a cer-
tified rater. This required that we add 
some high-efficiency air condition-
ing. The house also met the require-
ments of the DOE Zero Energy 
Ready Home.3 A single mini-split 
heat pump (1.5 tons) in the living 
room provides cooling, dehumidi-
fication, and supplemental heating 
(SEER = 26.1, HSPF = 11.5). Note 
that the cost of adding this unit was 
significantly below the rebate for the 
zero energy house. During the sum-
mer of 2017, we didn’t use the unit, 
but we did use it for a week in 2016. 

We also find that the unit is very 
effective in heating mode to recover 
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 Construction photo 
showing the north and west 
façades of the house.
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house temperatures from a night set-
back, because the radiant floors are 
slow to respond. An air-to-air heat 
exchanger (sensible only) provides 
fresh air (1.1 cfm/W) to the bedrooms 
and exhausts air from the general 
kitchen area and the bathrooms.

Renewable Systems
The 9.4 kW PV system is mounted 
on the south roof. The installation has 
only one roof penetration for the elec-
trical and is attached to the standing 
seams on the roof. The wiring was 
done as part of the electrical rough-
in. The system uses two 5 kW grid-
tied inverters. When the grid fails, 
the inverters can generate electricity 
up to 3,000 W through an emer-
gency circuit if the solar resource is 
available. We didn’t include batter-
ies, although the overall electrical 

system is designed to accommodate 
future batteries. 

Materials
We chose materials carefully to 
minimize the introduction of volatile 
organic compounds as part of the 
effort to minimize indoor pollutants 

that would need to be ventilated from 
the space. A mineral-based paint was 
chosen because of its minimal offgas-
sing. There was no “new paint smell.”

Locally harvested quarter-sawn 
white oak floors were finished with 
tung oil using a citrus-based solvent. 
The tongue and groove floorboards 
were considered seconds and cost 
roughly the same as plywood. Natural 
linoleum with a floating floor system 
was used for the kitchen and sun-
room (no adhesives). Metal kitchen 
cabinets from 1959 were salvaged 
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 LED bulbs are used exclu-
sively in the house including 
in the kitchen, where we 
used salvaged metal cabi-
nets as well as the vintage 
electric range.

TOP Interior of the sunroom after insulation 
has been installed, but prior to the plaster 
board installation.

BOTTOM Heat pumps provide conditioning 
to the house. The unit on the left provides 
hot water and the one on the right is an air-
based heat pump.
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from two houses in Connecticut 
undergoing kitchen remodels. 

Plumbing 
We designed the house to minimize 
water consumption. The graywater 
and blackwater drains are separated. 
Graywater could be recovered, and 
blackwater can be diverted to a com-
poster. The toilets are designed to use 
1 pint or less per flush and are very 
effective, with the added bonus that 
cleaning the bowls requires very little 
effort (and minimal chemicals). The 
standing-seam metal roof provides 
clean rainwater we could collect in 
the future.

Now the rest of the water story. The 
house is on a well and septic system. 
When we drilled the well, we realized 
we have a true artesian well when it 
overflowed the well cap. That means 
we have an abundance of water, but 
we’re still conservative about how we 
use it.

The septic system is effective at 
managing graywater, and we haven’t 
put much effort into recovering 

Although we have come close to, 
and, if you ignore the excessive 
plug loads, we have exceeded, 
zero energy status,4 we have other, 
less conventional constraints. We 
are committed to minimizing our 
impact by growing much of our 
own food. For example, we raise 
100% of the pork and poultry we 
consume (organically and without 
soy protein) as well as grow most 
of our own vegetables. What we 
don’t grow, we source locally, 
including beef. The end result is 
we rarely go to the grocery store, 
except for some limited items that 
we cannot find from local farmers 
and vendors. 

From an energy perspective, it 
also means we have four chest 
freezers and an extra refrigerator 
in addition to a small fan in the 
root cellar. Our chicken and turkey 
breeding program requires 250 W 
brooder lamps for the chicks and 
poults (baby turkeys) during the 
summer. All these farm loads use 
2,154 kWh of electricity, which is 
not consumed in the house and 

accounts for the additional plug 
loads. In addition, although we do 
not yet own an electric vehicle, it is 
on the wish list, and the garage is 
wired to accommodate that load. 

In 2018, we plan to replace 
approximately 4,000 kWh of 
electricity consumption for 
heating and cooking with a 
wood cookstove. (We do a lot of 
cooking.) This translates to roughly 
1 to 2 cords of wood annually. 
The current wood stack from the 
lot clearing is 10 cords, and we’ll 
have an ample additional supply 
as we thin the forest on the lot 
to an ideal density. One way to 
think of the footprint is that we 
exchange vehicle miles and energy 
use in the food supply chain for 
on-site PV and wood. 

We also manage the farming 
operation to build topsoil as 
a carbon sink and to restore 
fertility to the depleted soils. This 
discussion is way off-topic for this 
article and the energy aspects 
of the house, but it is food 
for thought.5 

CASE STUDY TORCELLINI RESIDENCE

THE FOOTPRINT: OUT OF THE TYPICAL RESIDENTIAL BOX

We raise 100% of the pork and poultry we consume and grow most of our vegetables. 
Loads related to these endeavors are 2,154 kWh of electricity, which is not consumed 
in the house and accounts for the additional plug loads. 

Figure 2 2017 ENERGY USE

Using the conditioned area, the EUI is 
11.1 kBtu/ft2∙yr on a site basis and 
35.1 kBtu/ft2∙yr on a source basis. 

End Use

2017  
Totals
(kWh)

Estimate 
from HERS 

(kWh)

Heating/Hot Water 5,161 6,272

Cooling 0 1,172

Plug Loads 6,573 7,562

Total 11,734 15,006

PV 9,896 12,368
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graywater and harvesting rainwa-
ter. The capability is there for the 
future, though. 

Energy Performance
The HERS rating on the house is 35 
without the PV system and 2 with the 
PV system.6 The house was metered 
in for the 2017 calendar year. PV 
offset 84% of the 11,734 kWh con-
sumed. (The PV system produced 
9,896 kWh, or 1.05 kWh/Wdc.) The 
design estimate was 15,006 kWh and 
12,368 kWh, respectively. The intent 
was that our plug loads would be 
less than the estimate of 7,562 kWh, 
which they were, coming in at 6,573 
kWh. The cooling loads were also 
smaller than the design loads. 

The reduced PV production is a 
result of snow cover and low angle 
tree shading. Some plug loads 
exist that are not typically found 
in residential buildings. These 
loads consume 2,154 kWh. (See 
“The Footprint: Out of the Typical 
Residential Box” on Page 19.) If 

these loads were removed from the 
consumption totals, the house would 
have generated more energy than it 
consumed, even with the reduced PV 
output (Figure 2).

Conclusion
Integrating the architecture and 
energy performance of a house was 
accomplished at a typical market 
price for new construction in north-
eastern Connecticut. The house is 
sun-tempered, superinsulated, and 
very tightly constructed. A mechani-
cal system designed to complement 
the envelope consists of a mini-split 
heat pump and an air-to-water heat 
pump. The PV system did not per-
form as expected mainly due to snow 
cover and some shading; however, the 
house was measured to perform well 
and can achieve zero energy status 
if nontypical residential loads were 
excluded. If these loads are included 
and on-site wood is used for heating 
and cooking, this provides an alter-
native pathway for zero energy. 
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 Nearly completed view of the 
north and west façades of the 
house. Extra long overhangs shed 
water away from the envelope.


