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INTRODUCTION

The energy crisis has been discussed extensively in journals and
newspapers, as well as on radio and television. Very simply, the crisis
arises because of particular patterns of energy use developed by our
societal and industrial system. Enerqy resources were always available
and the costs were within the limits of our economic structure. How-
ever, as natural resources are depleted, the o0il and gas companies are
turning to less accessible and more expensive sources. Consequently,
the existing pattern of energy usage must be disrupted if we are to use
our enerdy sources in a sensible manner. This philasophy must carry
over into our technology and the engineer and designer must realize
that innovation can not be made at the expense of energy conservation.
Serious considerations must be given to the levels of energy consumed
during, or as the result of, a particular technological process. This
is particularly true in the building and construction industry, where

(1)

a philosophy of "building to save energy" must be adopted.

*Numbers in parenthesis correspond to references listed at the end of
the paper.



The utilization of solar energy for residential and commercial comfort
and hot water heating can significantly alleviate the problems associat-
ed with fuel shortage and high costs which affect the low-income popu-
lation most severely. Solar domester water heating has been imple-
mented on a large scale in many countries, including the U.S., Australia,
Israel, Japan and the USSR. Whenever such heating did not attain major
levels of acceptance, it was due to very low fuel costs in the past.
Whereas solar comfort heating was confined to a relatively small number
of buildings till just about two or three years ago (2) (3) (4) (5) (6)
(7) (8) (9), a very rapidly increasing number of solar heated resi-
dences, schools and office buildings buildings has been built, is under
construction, or is being planned. It should be noted that such build-
ings are spread out throughout the U.S., and are not confined to the
sunnier states. The increase coincides with the significantly ampli-
fied effort on the State and Federal levels to accelerate the imple-
mentation of solar energy. The authors of this paper have been inten-
sively involved in this effort. Some of the major projects completed in
the recent years include:

1. NSF-RANN Grant GI 27976 entitled "Conservation and Better Utili-
zation of Resources by Means of Thermal Energy Storage and Solar
Heating" under which the University has worked since February
1971.

2. The University of Pennsylvania and General Electric Company
were selected as one of three national Industry-University teams
for the Phase 0 study (NSF Contract No. (855), of a proof-of-
concept experiment on solar heating and cooling.

3. Also with G.E., the University of Pennsylvania conducted research



on U.S. Army contract DACA-23-74-C-0006 for the retrofitting of
an existing building for solar heating and the equipping of a
new building with solar heating and cooling.

The major conclusions from these studies (10) and supported by
others (11) indicate that a Northeastern U.S. single family residence
can reduce its heating fuel consumption by somewhat in excess of 50%
when utilizing about 500 ft2 of solar collector area. This area is
compatible with the size of the residence, and was computed on actual
weather data in Washington, D.C. and Wilmington, Delaware.

Most of the studies performed to date considered the construction
of new solar heated housing, without in-depth attention to the retrofit
problem. While retrofit is usually more costly than a new system which
was specifically designed for this purpose,lthe proper combination of
modern technology for housing, modern materials, and sound engineering
design would result in retrofit systems which would be economically
viable in view of the increasing costs of fuel.

PROBLEM DEFINITION AND SOLUTION

Research Description

The research described in this paper is divided into two distinct,
but interrelated tasks. The first task is the investigation and evalu-
ation of several energy conservation schemes in the design and fabricat-
ion of residential buildings. These investigations include the deter-
mination of the total energy requirements of several construction methods
suitable for rehabilitation of existing structures as well as new con-
struction. The major intent of this task is to develop criteria and
decision making guidelines reflecting the levels of energy conservation

and building costs of the various of prefabrication. Because of the



magnitude and complexities involved in attempting solutions to housing
and energy problems, the approach was to divide the studies into two
specific tasks. The tasks are defined such that the necessary tech-
nology and information is developed so that an energy conservation
philosophy can be established on sound engineering principles. Accom-
plishment of the two tasks described below provide the necessary in-
formation for developing energy saving schemes and techniques in the
building and construction industry. At this particular point in time,
the tasks have recently been initiated. However, a preliminary in-
vestigation of two types of building construction has been performed.

A modular house manufactured in the State of Pennsylvania was investi-
gated and a cost analysis and energy consumption estimate was performed
and compared with cost and energy consumed from "on-site" construction
techniques. This investigation revealed that adopting the modular con-
cept in the construction of a typical residential house resulted in a
cost that was approximately 22% more than the cost of "on-site" con-
struction techniques. However, more significantly, the utilization of
the modular concept resulted in an energy conservaticn of approximately
75%.

However, the studies performed to date have becn concerned only
with new construction, without specific attention given to the housing
rehabilitation problem. These investigations must also be made if our
society is to attempt solutions to the vast problems in urban housing
and energy resources. We must apply the proper combinations of modern
technology to utilize contemporary materials and engineering design in
the development of viable urban rehabilitation schemes, both from a

financial and energy resources basis.
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The major intent of the second task was to produce practical tech-
nical and economical guidelines for retrofitting existing buildings to
utilize solar energy for comfort heating and domestic hot water. These
guidelines are based on a general study of facilities and associated
problems of retrofitting a typical Philadelphia row house. This row
house is used not only for the retrofitting of the solar energy equip-
ment, but also to experiment and demonstrate rehabilitation schemes de-
veloped.

The building used in this proposed demonstration of Solar Energy
Systems for Residential Heating and Hot Water Heating Project is an
existing structure located in a typical urban area. The amount of
retrofitting done on the building to accomodate the proposed solar
heating system is a minimum, consistent with existing building codes
and good engineering practice. A detailed description of the building
is provided in the following paragraphs. It is intended that one of
the results of this demonstration is to provide substantiated data
concerning overall costs of retrofitting and solar eguipment installat-
ion that can be used as a quide for home owners who are interested in
heating their homes with solar systems. Consequently, the cost in-
formation obtained in this demonstration project reflect the minimum
costs that can be expected to be incurred by urban homeowners who con-

vert solar systems for heating and domestic hot water supply.

TASK 1: Energy Conservation in Building Systems

Objective
The overall objective of this task is to investigate and evaluate

several energy conservation schemes in the design and fabrication of
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residential buildings. The types of buiidings considered in this paper
include single family dwellings and multiple family dwellings. The in-
vestigations of the enefgy conservation schemes include an evaluation
of the total energy requirements of several constru;tion methods suit-
able for new construction (12) (13} (from design to fabrication), and
rehabilitation of existing housing. The Department of Civil and Urban
Engineering has been given the use of a University campus row house
which will function as a base of operations for interdepartmental hous-
ing and community studies, as well as providing facilities for conduct-
ing any special engineering experiments. In particular, the house is
used for experiments involving energy saving building techniques applied

to rehabilitated structures {14)}.

Method of Research and Anticipated Results

This task investigates, compares, and catalogs variations in the
levels of energy consumption in the various techniques of fabrication
of residential buildings, considering new building construction as well
as rehabilitated structures. A thorough literature search was made to
extract all available information concerning building costs and energy
consumption data for the various techniques and varicus levels of pre-
fabrication. At the time of preparation of this paper, the authors have
not completed their investigations; therefore, specific results can not
be presented. It is anticipated that the results of these studies will
be finalized during the next three months. Consequently, the following
discussion, at this time, pertainsto anticipated results.

The results of this task will be tables, and/or curves that pre-
sent the levels of energy conservation achieved as a function of the

percent of prefabrication used. The range of prefabrication considered



vary from total prefabricated construction to total on-site construct-
ion. Intermediate levels are also investigated in order to develop
good energy consumption characteristics. Also included in these tables
and curves is information concerning the total and itemized building
costs between the various techniques and the various levels of pre-
fabrication.

The study will delineate and describe the characteristics of the
different construction systems. In particular, the following construct-
ion methods are considered: (1) on-site; (2) varying degrees of compo-
nent prefabrication units, that is, factory fabrication of sub-assem-
blies which are then erected at the building site, (e.g., floor units,
wall units, partition units, sanitary units, heating and air condition-
ing units); (3) industrialized, factory fabrication of large units which
require a minimum of on-site erection; (4) mobile homes. The methodolo-
gy used in achieving the goals of this task is:

(1) critical examination of all of the present building techniques des-
cribed above and develop respective cost figures, in terms of labor
costs and material costs (considering material utilization and waste mini-
mization characteristics of each technique); (2) determination of the
amounts of total energy and material and labor resources consumed by the
building techniques. The research accomplished in this task determines
the complete spectrum of energy requirements and energy consumption for
the various forms of construction systems considered. The total costs
of each construction method are estimated as accurately as possible
using information and techniques provided by the Department of Housing
and Urban Development, builders, contractors, factories located through-

out the country. Recommendations regarding which construction tech-



niques should be considered for short range and long range planning
purposes to assist the nation in husbanding its energy resources are
preseﬁted. The information required for these tables and curves will

be obtained from the questionnaire shown in Figure 1.0 of this paper.
This questionnaire was sent to approx. 200 residential builders in

the state of Pennsylvania. Information requested by this document con-
centrated on "0On-Site Residential Buildings", and was divided into two
basic categories of information: Construction Costs; and Energy Con-
sumption. The information contained in the questionnaire includes the
following:

1. Type of dwelling: this item categorizes the costs and energy

consumption according to the type, size and selling price of the

building;

2. On-Site Labor and Materials: this item provides information

to determine labor and material costs in the construction of the

building, according to the various phases of construction (i.e.,

carpentvy, masonry, plumbing, landscaping, etc.).

3. Prefabricated and Pre-assembled Components: this item pro-

vides information concerning the cost and quantity used of pre-

assembled components, such as roof trusses, floor system, walls,
etc.

In order to determine the energy consumption characteristics of
the building industry, the questionnaire contains another set of
questions which lead to the determination of the eneray consumed during
the construction process. The information contained in this phase in-
clude the following:

4. Transportation of Materials to Site: this item categorizes



the distance of transport, mode and cost of transport for all of

these different materials and components comprising the building.

Information concerning prefabricated and pre-assembled components

are also included.

5. Transportation of Construction Equipment: this item pro-

vides information on the average distance and mode of transport-

ation, as well as cost and fuel consumed during transport;

6. Energy Consumed at Site: the remaining items provide in-

formation concerning the quantities of fuel and energy consumed

on the building site by the construction equipment, as well as
energy and fuel consumed during the construction process.

Similar questionnaires are developed and are being sent to pro-
ducers of factory built homes and mobile homes. The final results will
include tables and curves of energy conservation as a function of pre-
fabrication level; total and itemized building costs for new and ex-
isting structures and criteria for selecting particular types of con-
struction and material, for new construction as well as rehabilitated

structures (as a function of physical state of existing-structures).

TASK 2: Solar Energy Retrofit System for Residential Heating

and Hot Water System

Objectives:

In order to demonstrate the practicality and feasibility of using
solar energy for one major type of residential building, the row house,
the objectives of this work are:

A. to produce technical and economical guidelines for retrofitting
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existing row houses; to utilize solar enerqy for the cost
effectiveness of retrofitting a row house with a variety of
occupants.

B. to obtain and analyze data over an extended per%od for determin-
ing the cost effectiveness of retrofitting a row house with a
variety of occupants.

The residential building used for demonstration is located in

the City of Philadelphia, adjacent to the University of Pennsylvania

campus. The building is sitﬁated on the south side of Spruce Street

(3920 Spruce Stree) and is a conventional three story row house with

a full basement. The building is abutted on both tte east and west

walls by similar row house buildings. Figure 2.0 bzlow shows the

general plot plan of 3920 Spruce Street, indicating vegetation, pre-
dominate wind direction and design intensity, neightoring buildings and
access.

The structural modification to the 3920 Sprucz Street building

is minimum. The major modification will consist of providing adequate

structural support of the solar collectors to the reofing system and

bearing walls of the structure.

Figufe 3.0 shows the installation of the solar panels on the roof of

the building and indicates the impact on the exterior appearance of the

project on the surrounding environment.

Implementation of Solar Retrofit

The solar retrofit is based on low cost, systun simplicity and
good maintainability. These are achieved by implem:nting the following

design principles:
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A. Optimal utilization of existing heating equipment.

B. Utilization of copper absorbers in the solar collectors, and copper
piping, to avoid both the corrosion problems and the maintenance
problems associated with corrosion inhibition. )

C. Freeze protection by automatic drainage to avoid maintenance and

corrosion problems associated with the utilization of an anti-

freeze solution in the collector flow loop.

Schematic and Description of Solar System for Retrofit

The flow and control diagram is shown in Figure 4.0. The com-
fort heating system consists of three loops:

A. The Solar Energy Collector Loop

When the temperature of the solar collector, Tc’ is higher than the
temperature measured in the middle-height of the thermal storage tank,
Tsm’ the controller TCI turns on the collector pump PI which circulates
water from the bottom of the storage tank to the solar collectors where
the water is heated, and returns it to the top of tha storage tank.
Protection against freezing is provided by a system tthich automatically
drains the collectors into the storage tank. Activeted when the collec-
tor absorber plate temperature drops below 45°F, the pump PI is stopped
and water from the collectors is drained into the tha2rmal storage tank
by gravity. Proper automatic venting of the collectors and the tank,
as well as proper monotonical downwards-grading of the piping assures
reliable drainage, and later refill when the solar energy collection
loop is restarted. Based on an initial analysis, thko only system pro-

tection implemented against high temperature are the automatic vents

and safety valves which would not allow temperature build-up above 212°F,
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by venting any steam, and allowing automatic refill of the storage tank
by cold domestic water, controlled by a float-valve.

B. The Heat Demand Loop

When the room temperature Tr drops below the preset thermostat
value Tth’ and if the temperature of the water at the top of the
storage tank TSt is larger than (Tr x 10°F) demand pump P2 is started
to circulate water through the water-to-air heating coil in the warm
air duct. The warm air fan is started at the same time and the air in

the duct is thus warmed. Further, if TSt <T h + 10°F the auxiliary

t
furnace is turned on too. In this way, the hot water heated by solar
energy is utilized to at least preheat the air, when its temperature is
not sufficiently high to bring Tr to the value Tth' Lower temperature
air preheat does indeed require some function of the auxiliary furnace,
but allows a more efficient operation of the overall solar energy
system.

The heat demand loop is inoperative when TSt < Tr + IOOF, and the heat-
ing is entirely provided by the auxiliary furnace. If Tr < Tth’ neither

the best demand loop nor the auxiliary furnace are operative.

C. Thermal Storage Tanks

Two welded, mild steel tanks, with a capacity {full) of 800 gallons
each serve as containers for the thermal storage medium (hot water). The
tanks are primed and painted for resistance against corrosion. Since the
tanks operate vented to the atmosphere, they are designed and built to
withstand the hydrostatic head only, at the maximum temperature of 212°F.
The tanks are thermally insulated by at least 4 in. thick fiber glass

(or similar) insulation.
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Instrumentation and Data Acquisition

It is proposed to measure temperatures and flow rates at points
which allow the determination of needed heat balances. In addition
to the measurement of temperatures, temperature differences are
measured directly by thermopiles or differential resistance thermo-
meters to achieve the needed accuracy of measurement. Consumption of
fuels and electrical power, as well as the actual operating periods
of various equipment {pumps, fans, etc.), will be measured and recorded,

to provide a detailed energy-flow picture.

CONCLUSIONS AND RECOMMENDATIONS

In addition to the more direct energy conservation benefits asso-
ciated with these investigations, the research provides a sound basis
for initiating legislation and policies. These could be in the form
of tax incentives and changes in regulatory codes, wi.ich will aid ex-
isting industries, as well as attract new industries. In addition, these
results can be used to develop and formulate criteria, tables and com-
parison curves, in terms of energy conserved and consumed, labor and
material costs of construction techniques and new materials. However,
most importantly, the results provide a sound technological base for
continuing research into broader aspects of the housing and energy
problems.

The solar retrofit demonstration, partially funded at present by
the Pennsylvania Science and Engineering Foundation, and the University
of Pennsylvania, with participation from the International Environment
Corporation, is an integral part of the extensive effort by the direct-

ors of this paper and by the University of Pennsylvania in the areas of
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urban housing and rehabilitation and in solar energy research, develop-
ment and application for heating and cooling of buildings. It draws on
the University's experience in these areas, on the existing in-house
solar test facilities and most advanced computer prbgrams for design
and analysis. These include both programs designed at the University
of Pennsylvania and those maintained by it which were acquired else-
where, such as the National Bureau of Standards heat load program NBSLD,
and the solar program TRNSYS.

A general objective of the University of Pennsylvania program is
to tie solar retrofit together with urban rehabilitation in part to
reduce the rapidly increasing fuel costs which the lgwer-income urban
dweller is facing. The row house constitutes about G0% of the resident-
ial housing in some of the larger eastern cities in the U.S. (such as
Philadelphia) and the selection of this type of building for retrofit
is thus naturally relevant and significant. Integrzlly related to this
project is low cost of retrofit, minimal maintenance. maximal reliabil-
ity and simple design which allows a fair amount of construction and

assembly by the homeowner himself.
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URIVERSITY DF PELNSYLYANIA
« DEPARTHENT OF CIVIL AND URBAN ENOMNLERIMNG
TUEHGY COMLTRVATION I TID OUILDIMG INDUSTRY
OR-SITE RESIOLNTIAL DUILCING

P37 2 CONSTPUCTION COSTY |

1.0 Tyre of cualling

Tha €2ta provided In this questionmaire pertainms to the following types
of duelling [ehock oro):

Sin3ta_fazily detsched  Seni-attsched  Apartment bulldings Other
BE-Tavel Bi-Tavel __  Llow.rfse (1-5 stordes) __  Ouplex
tolantal Colonfal ___ Med.rfsa {610 " ) _ _  Rowhouse
Forcy Ranch ___ Highrise {over 10 * } ____ Townhouse
Sptit-leve) Sptit-leval __ Garden Apartments

L.-tar of stories Humber of family units/dwellings

Stz (o5, ft]
Living ares Attic Basoment, Garage
Total

Se114ng price §

Lizing area (inctuding basement) § . Garage §

Lard § Landscaping §

Aparoxirate nurber of dwallings of this type buflt per yesr

Slnse recordi may nog boe availubla, pleasy provide "bost wstimates* to the
folionlry euasrions:

. kuarage ourher of min-days to preparo site
Average nusher of man-days o construct dwelling
AvEraca waca per man-dey Lo prepare site -
hyerage wige per man-day to construct dwalling

. Averege nurber of vorkers par dwelling

6. Average gistante workers travel bLetween home
and conctruction 1ite

o R

]

13,2 Pre-pssembled componants (e.q. roof truss)

2.0 _0n-81te Labor gnd Matgrisls « PMease provide answar with units shown in
parenthesis. [f other ynits used, please indicats.

Matarial Cost Total {uantity Yage per Total

- Unit Cost of of kateria Unit Time  Tire
Material {e.g. Used
$3q.1¢.)

2.1 Carpontry [2q.ft.)

2.2 Concrete {cu.yd.,)

2.3 Conyeying aystems, &.9,
alevators [per unit)

2.4 Doors [par unit)
2.5 Clectrical system

2.6 Finishos {sn.7t,)

2.7 Flooring [3q.1t.)

2.8 Glass [sq.7t.)

2.9 Heating and cooling systems

20 Insclatten {ew.ft,)

2.1 Landtcaping {sq.yd.}

2.2 Lumber (bd,ft.)

2.13 Masonry (sq.ft.)

2.14 Steel {bs.)

2.5 Muninum (1bs.})

2.18 Other metasts {1ba)

2.17 Plastlcs (sq.ft.)

2.18 Plinbing

2.19 Precost concrete [cw.yd.) - ———
2.20 Roofing [sq.ft.) e
2.21 Sitewovh {sq.yd.)

2.22 Temporary uillitios at site — e e
2,23 Hall covering {sq.ft.) e
2.24 Materproofing (1q.ft.) e e
2.25 Windows {per wnit} _

2,26 Miscallaneous

3.0 Prefabricated and Pra-assembled Components - Informetion under this hoading

{8 to be on a por dwelling baats,

' Cost per sub-astemhly Quantity
or_component \sed

3,3 tachanical core, {w9, foctory nspom-

bled components which may contain the
¥itchgn, une or more bathrooms, 8

utility room, ad all wiring, plumbing,
heating ond cooling ducts that are
factory installeg)

1.3 Prefabricated floor

1.4 Prefabricated panols {v.g. floor, roof,
wall)

1.5 Prefabricated roof

V.6  Prefobricated wall

1.7  OCther {(specify)

Figure 1.0 - Building Cost and Energy Consumption Questionnaire

L1l



4.0 SuTary

4.1 Total raterisl coat 3§

€.2  Totsd labar cost for site preparstion §

4.3 Totsl laber cost for cunstruction of dwolling §
4.4 Total constryction cost §

Part 5:_ Inergy Convuration

5.9 Trensjortation of Materials tn Site

2.1 On-Site Lahor pnd kFaterlals
Sourca*® Avo.Distance Mace of Trans- Totat Cost of
of Transpart port (see Transport
[niles) List bjer 15)

5.1.1  Concrete

Energy
Consymed
4

§.1.2  Conveying system

5.1.3  Doury

8.1.4  Elactrical systom,

5.1.5  fintshes

5.1.4 Flooring

§5.1.7, Giass

5.1.8 Heating and cool-
109 systems

$.1.9  [Inzslation

5.1.10 Landscaping

5.1 Lumher

4.1.12 Msenry

5.1.11 Petals

5.1.16 Plasties

3.1.1% Ply=hing

5.1.16 Pre-cast concrete

5.1.37 Roofinp

5.1.18 Site work

£.1.19 Tewporary utilitfes
at site

%.1.20 Wall covering

5.1.21 Waterproofing

8.1.20 Windowy

5.1.2) Mlrcellaneous

3.2 Prefebricated and Pre-asserbled Companeots

Source® Ave.Distance Mode of Trans- Total Cost of
of Transport port {sec Transport
{miles) List 1)

5.2.1  Fechanical core

Enorgy
Consuned

fe.0. oals,

5.2.2 Pre-asiendled com-
pLrents

5.2.3  Prefabricated
MNruges

5.2.4  Prafah, panely

5.2.5 Prefad. roof

5.2.6 Prefab. walls

5.2.7  Cther

8.0 -.Trnnsporlnuun of Construction Equipment to $ite

6.1 Averago dislance of transport (n_ﬂl")
6.2 Check mode of transport .
edr _ rall __ truck water other
6.1 Total cost of transport S
6.4 Fue! contumed (w.g. galiens)

1.0 Energy Consumed by Conytruction Equipment at Site

1. Total quantity of fue! and energy consumed:
electrie (kwhr) _ omsoline [gals.) ___  gas [cu.fty)
oil [pals.) othor

Y.2 Total Fuel and energy costs:
electric § gutoline § ofl § other §

8.0 Encrgy Consumod during On-Site Construction

Enargy Type Quantity of Eneray Total
{see List 2)*** and Fual Comsur co Encryy Cood
{e.g. kwhr, nals.})

8.1 Heating
8.2 Lighting
8.3 Porer
0.4 Othar

*  Indicate source of mater{ald,e.p. lumber yard, factory, steel mill, own warehouse
e List 1 a} ailr b} ratl ¢} truek d} witer e} other (specify)
wow | {st 2: &) electric b) gas ¢} o) d) other [specify}

2.0 Add(tiona) Conments and Information

$.1 Would you be willing to 111 out a more dotafled questicanatire? yas __  no

9.2 Do you wish a copy of the fina) report? yms no

2.3 Plesse vse space provided below for additional comments,

8l

University of Peansyivania
Philecelphin, Pa.

Noverber 1975

Figure 1.0 (continued) Building Cost and Energy Consumption Questionnaire
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Figure 3.0 - Isometric View of Solar Retrofitted Hou e
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