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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.
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ABSTRACT

Phase change materials (PCMs) used on the interior of
buildings hold the promise for improved thermal performance by
reducing the energy requirements for space conditioning and by
improving thermal comfort by reducing temperature swings inside
the building. Efforts are underway to develop a gypsum
wallboard containing a hydrocarbon PCM. With a phase change
temperature in the room temperature range, the PCM wallboard
adds substantially to the thermal mass of the building while
serving the same architectural function as conventional wallboard.

To determine the thermal and economic performance of this
PCM wallboard, the Transient Systems Simulation Program
(TRNSYS) was modified to accommodate walls that are covered
with PCM plasterboard, and to apportion the direct beam solar
radiation to interior surfaces of a building. The modified code was
used to simulate the performance of conventional and direct-gain
passive solar residential-sized buildings with and without PCM
wallboard. Space heating energy savings were determined as a
function of PCM wallboard characteristics. Thermal comfort
improvements in buildings containing the PCM were qualified in
terms of energy savings. The report concludes with a present
worth economic analysis of these energy savings and arrives at
system costs and economic payback based on current costs of
PCMs under study for the wallboard application.

1. INTRODUCTION

Thermal energy storage is an essential constituent for meeting
a building heating load with an energy source that varies in time
or strength such as solar energy or off-peak electricity. In passive
solar energy systems, conventional thermal storage technologies
include sensible heat storage in water or masonry and latent heat
storage in chemical compounds termed PCMs. In general, these
materials require either containment or a dedicated structure. This
requirement becomes particularly problematic in the case of
lightweight building construction. Consequently, thermal storage
systems based on these technologies are often economically
unattractive.  Therefore it is interesting to consider how
conventional architectural components such as walls, floor, or
ceiling might be modified for increased thermal storage capacity.

As afirst target for enhancing the thermal storage capacity of
building components, ordinary gypsum wallboard is being studied
as a vehicle for introducing latent heat storage into a building [1].
The latent heat storage is provided by a blend of paraffins
carefully selected to melt and freeze (change phase) at room
temperature. Several methods for incorporating the paraffin PCM

into gypsum wallboard have been identified; the simplest method
consists of soaking the wallboard in a bath of melted paraffin
before hanging. Experiments have shown [2] that the soaking
process results in paraffin uptake as high as 35% by weight of
composite. Additional testing has shown that the paraffin is stably
contained by the wallboard and that adhesion of paint and joint
compound remains unaffected by the presence of the paraffin.
t

Based on the technical success of the PCM wallboard, it

becomes important to address several questions:

1. What sort of building would best benefit from the
technology?

2. What is the economic value of the PCM wallboard?

3.  Based on current PCM costs, what payback periods can be
expected?

4. How does the PCM wallboard affect thermal comfort
conditions inside the building?

To answer these questions, a series of computer simulations of a
typical building for a heating season were performed. This paper
describes the results of these simulations.

2. THE BUILDING SIMULATION

. An examination of available building simulation codes led to
TRNSYS [3] which was modified to include subroutines for PCM
wallboard and for tracking direct solar beam radiation into a
building.

The structure modelled using TRNSYS was similar to one from
an earlier study [4]: a single zone with a total load coefficient
(TLC) equal to 14,100 Btu/°F + d. Other characteristics of the
building are the following:

Building dimensions (in feet) = 50 x 36 x 8
Orientation: 50-foot dimension runs E-W

Total window area = 360 ft2

Infiltration rate = 1/2 air change per hour

Wall insulation = R-18

Ceiling insulation = R-30

Windows (double glazed), U = 0.56 Btu/lv ft*'F
Interior wall convection coefficient = 0.47 Btu/h-ft2-'F)
Maximum room temperature = 75'F

Floor = ASHRAE (5) No. 30 with U = 0.107 Btu/h- ft"'F
Location: Denver

All walls were considered to be stud walls with insulation between
the studs and a layer of PCM wallboard on the inside surface.
The outside insulating layer was assumed to have a thermal
resistance equivalent to R-18 (U = 0.056 Btu/h-ft"'F). Several
inside layer configurations were analyzed as shown in Table 1.



The annual heating energy savings shown in Table 2 were
substituted into Eq. 2 along with the appropriate UPWF and
adjusted energy cost to determine the PVES for each combination
of latent storage capacity and fuel type for the solar building
simulated by TRNSYS. The results of these calculations are
detailed in Table 4. This table can be used not only to evaluate
the PVES for the lifetime of the system but also to determine the
discounted payback for the PCM wallboard. For example, a PCM
wallboard system with latent heat capacity of 26 Btu/ft2 and a
lifetime of 30 years has a present value of $3542 if the building is
heated by an electrical heat pump. To provide a three-year
payback, that same PCM wallboard system must have an installed
cost no greater than $321.

Table 4. PVES ($) ot PCM addition to walls of 1800 ft2
home in Denver; 200 tp ot S. glazing; no window insulation

Backup Fuel

N(yea-s) | Natural gas  Electricity Fuel oil

Wallboard latent heat = 14 Btu/ft2

1 64 114 73

3 185 332 212
5 237 533 342
30 237 533 342

Wallboard latent heat = 25 Btu/ft2

1 37 172 1
3 230 503 322

5 450 315 St
30 1307 3542 2073

Wallboard latent heat = 35 Btu/ft2

1 112 200 123
3 324 532 372
5 521 344 599
30 2031 4100 2405

Wallboard latent heat = 65 Btu/ft2

1 123 223 143
3 372 667 423
5 593 1034 653
30 2403 4711 2763

As a first case (and the one that would most favor the
economics of PCM wallboard), electricity was assumed as the
backup fuel and selected data from Table 4 were plotted as
shown in Figure 3 (ignore for the moment the straight lines).

LATENT HEAT (BTU/FT2)

3YEARS 5 YEARS 10 YEARS 20 YEARS .30 YEARS PCM COST FUNCTION

Figure 3. PCM system allowable cost with electricity backup as
function of period and areal latent heat capacity.

For simplicity, the term PWEC was changed to 'allowable cost' for
the PCM system. It should be noted that, since the baseline
storage system was conventional gypsum wallboard with no PCM,
the costs shown represent the maximum allowable cost of the
PCM itself including the cost of incorporating the PCM into the
wallboard.

Clearly for an economic winner, the cost of the PCM installed
in the wallboard must be less than the allowable.

PCM Wallboard cost

The cost of PCM wallboard depends on the amount (weight)
of PCM, the unit cost of PCM, and the cost required to incorporate
the PCM into the gypsum board. It was assumed that installation
costs of PCM wallboard and conventional wallboard into a
building would be equal since the same building trades (drywall
hangers and finishers) would be needed in either case. As
mentioned before, TRNSYS was used to simulate the performance
of an 1800-ft2 solar house in Denver. The house was
characterized by 200-ft2 of south-facing glazing, no window
insulation and 5040-ft2 of interior walls and ceiling made of Yrinch
PCM wallboard. The weight of wallboard and PCM used in the
simulations are given in Table 5 shown below.



Several points are evident from Figures 1 and 2 and summary
Table 2.
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First, energy can be saved by locating windows to face south—a
zero cost item rf incorporated into the original building design.
Second, in the non-solar house there is virtually no improvement
in energy savings as the PCM concentration in the wallboard is
increased. However, in the case of the solar house there is clear
evidence that as the PCM concentration increases, the energy
savings grow. The obvious task at this point is to determine the
present worth of these energy savings and, based on estimates of
PCM wallboard system cost, to determine the economics of the
concept and howthese economics depend on PCM content in the
wallboard.

4. PCM WALLBOARD ECONOMICS

An economic analysis of PCM wallboard was performed for the
solar building to determine the economic benefit of the latent heat
storage system and to determine how estimates of the cost of the
PCM system affect this benefit. The economic analysis was based
on the energy savings by using the PCM wallboard rather than
conventional wallboard on the interior of the building. It was
assumed that these energy savings (derived from the last column
of Table 2) would be constant from year to year for the lifetime of
the PCM system. From the annual energy savings, annual cost
savings were determined based on the price of the displaced fuel:
either natural gas, home heating oil, or electricity. The present
value of these energy savings (PVES) was determined by
multiplying the annual cost savings by a uniform present worth
factor (UPWF) defined as follows:

1+e [i - F=—r O
UPWF - .
d-9 [udj )
where e = energy price escalation rate
d = discount rate

N = number of years for analysis.
Therefore,
PVES = (annual energy savings)(energy cost)(UPWF). (2)

Since the PVES is the economic benefit provided by the PCM, it
may be thought of as the ’allowable cost' of the PCM system. In

other words, the initial installed cost of the PCM must not exceed
the allowable cost (which is the present worth of the energy saved
for the given period).

Economic Assumptions

The effective discount rate, d, is a measure of the anticipated
return of capital and depends upon the distribution of debt and
equity as well as the tax rate. The effective discount rate was
determined through the relation,

d = refe + rdfa(l - m>' (3

where

re = the return on equity (e.g., from savings)
the return to debt (mortgage interest rate)
m = the tax rate (tax bracket)

fe = fraction financed by equity

fd = fraction financed by debt.

For the PCM wallboard system installed in a home, debt
capital is raised through a first or second mortgage and is
provided by a lender at an interest rate, rD. This interest rate was
assumed to be 10%, reflecting what is currently available through
fixed rate mortgages. The return on equity (e.g., interest earned
in a long-term savings account) was assumed to be 7% and the
tax rate taken to be 33% according to the recent Tax Reform Act.
It was further assumed that the PCM wallboard system was
financed along with the house with a 20% down payment
provided by equity. Therefore, Eq. 3 yields a real discount rate.

d = (.07)(.20) + (.10)(.80)(.67) = 6.76%. (4)

From Eq. 2, the economic attractiveness of PCM wallboard as
measured by the PVES depends on the cost of the energy
displaced and the energy cost escalation rate, e. For this
analysis, three supplemental heating systems were considered as
shown in Table 3.

3. SjppieT.er/.a! Hea*..".; System Data

j Heating system Fue! c=s;** Efficiency Adjusted fuel e's
ccs:"™

Sas furnace SS - 2tu C50 $5.2C.x3tu 22%

Qil furnace 5570 rr,3tu CEO S7.13.mBfu 3C%

Heal pump 7.50c/kWh SPF » 20 $10.90/m3tu 36%

‘“Ave’ace prices of fuel for residential sector during 153S as taken from me Monthly
Energy Review. DDE.'E”-X25 &3.'t2), December 1353.

A Fuel costs adjusted for system efficiencies shown.

,I'Fuai escaiation rates estimated for a nominal base case provided by the EiA Short-Term
Energy Outlook, DOE/ELA-0202(e9/3Q), Jufy 1939. Escalation rates for outyears were
projected 1o remain unchanged from the DOE short-term estimates.

Analysis

Using the discount rate shown in Eq. 4 and the fuel escalation
rales from Table 3, the UPWF was calculated for periods up to 30
years. As expected, for all years the UPWF for electricity is
marginally higher than that for natural gas and fuel oil due to the
higher initial cost and the higher escalation rate for electricity.
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The PCM wallboard cost was separated into the two
components: one that indicates costs attributable to the PCM and
the second is a term that collects all other costs such as
manufacturing costs (incorporation of the PCM into the wallboard),
overhead, and profit. Thus the following terms were defined:

hm = the latent heat of the PCM (Btu/lb)

LH = the areal latent heat of the PCMwallboard
(BMwalttoard)

Cpcw = tle un't cos< °* PCM (S/Ib)

Comer = other costs associated with incorporation of the PCM
into drywall (S/ft2”,,~)

Ctoai = the lotal cost °fthe PCM wallboard.

Therefore, the total cost of the PCM wallboard can be written as

m (6)

This is the equation of a straight line of slope (CpQ*/fhd and
intercept C0._er. This cost function can be superimposed on
Figure 3 to determine the payback and optimal PCM content in
the wallboard.

As an example of this technique for estimating the economic
attractiveness of the PCM wallboard, data from ongoing PCM
wallboard experiments at Oak Ridge National Laboratory were
used. The paraffin wax obtained for wallboard experiments (a
mixture of C-18 and near neighbor carbon atoms) was developed
by Witco Chemical and purchased for SO.50/lb in barrels. The
latent heat was measured to be 83 Btu/lb. These data were
substituted into Eq. 5 and the resulting equation superimposed as
a straight line on the allowable cost curves as shown in Figure 3.
For this example, it was assumed that Cother = S.03/ft2. This PCM
cost function intersects all allowable cost curves above N = 5
years and does not intersect any cost curve below N = 5 years.
In other words, the allowable cost curve that is tangent to the PCM
cost function defines the earliest time at which the PCM system
cost equals the allowable cost and is the discounted payback
under the assumptions given. Note also from Figure 3 that (1) the
installed PCM wallboard cost will be $. 12/ft2, (2) the optimal latent
heat content of the wallboard will be approximately 15 Btu/ft2, and
(3) if the lifetime of the PCM wallboard system is 30 years, the
present worth of the PCM system will be S.AS/ft2. If Cothef is larger
than S.0S/ft2, a 5-year payback requires identification of a PCM
that is either lower in cost or has a higher latent heat capacity so
that the slope of the cost function line remains tangentto the N =
5 line. ltis also apparent that for N = 5 years, Cother cannot be
much above $.20/fr regardless of the price of the PCM.

5. COMFORT CONSIDERATIONS

It is interesting to consider whether the isothermal nature of the
PCM wallboard materially affects the thermal comfort of the
building by extending the time over which the interior building
temperature is in a comfort range. Based on a heuristic
assumption that thermal comfort is a combination of the
magnitude temperature excursions away from a ‘desired’ room
femperature and the duration of these excursions (i.e., rooms that
seldom overheat or often slightly overheat are generally more
comfortable than ones that often overheat), a ‘comfort index,” Cl,
was defined as follows:

Cl = |75° - TD|(No. of hours room is at 75%)
+ 174° - TD|(No. of hours room is at 74°)
+ — + 160° - TD|(No. of hours room is at 60°)

where TD = the desired room temperature. The term Cl is simply
the product of temperature excursions away from TD and the
duration of these excursions and has units of °F- h. The higher
the Cl, the less comfortable the room,

Figure 4 shows the relation between Cl and TD for the 68°F
PCM at two concentration levels in the wallboard. It can be
observed that room comfort is improved by about 30% as the
PCM content is raised from 14 to 35 Btu/ft2.

25,000
20,000
J4 BTU/FT'
~ 15,000
35 BTU/FT
10,000

Figure 4. Comfort index for solar building as function of desired
temperature, TD, with a 63°F PCM.

Further, the least discomfort is achieved if TD is near the PCM
melt temperature of 63°F. Therefore, it appears that the melt
temperature of the PCM should bo near the desired room
temperature, TD, for greatest comfort Further the thermostat
setting, T, should be such that Tset = TO - 1/2 DB.

An analysis was conducted to quantify the comfort provided
by the PCM wallboard in terms of energy savings. We anticipated
that comfort equivalent to that provided by the PCM wallboard
could be achieved without the PCM simply by raising the
thermostat setpoint. To examine this issue, a series of simulations
were conducted on the solar building with conventional (non-
PCM) wallboard with T#, varied from 63° to 69°F. For each
simulation, Cl was calculated and plotted as a function of Tse( as
shown in Figure 5. Also plotted are the Cl values found with PCM
wallboard and Tte( = 65°F. As can be seen, there was no way
to adjust the setpoint of the non-PCM building to achieve Cl value



Cl

equivalent to that of the PCM wallboard. Raising or lowering
simply made the room, on average, either too warm or too cool.

*F-H)

30.000
25,000
CONVENTIONAL WALLBOARD

20,000 k

15,000

o 26BTUTP PCM WALLBOARD

10.000

5,000

Figure 5.  Comfort comparison of PCM wallboard with
conventional wallboard in solar house.

6. CONCLUSIONS

Work is underway to enhance the heat capacity of
conventional building components through the use of PCMs.
Experiments conducted with gypsum plasterboard have shown
that a paraffin mixture selected to freeze and melt in the room
temperature range can be retained in the pore spaces of the
wallboard up to 35% by weight of composite. To determine the
value of the PCM wallboard, a series of simulations of a small
building have been conducted and studied. From these
simulations, performed for solar and non-solar buildings, it
appears that the value of the PCM wallboard in reducing the
supplemental energy requirements of the building is small for a
non-solar building. In the case of a passive solar building that is
reasonable in size and aperture, the presence of the PCM in the
wallboard is a significant factor in reducing supplemental energy
requirements.  Simulations performed for a Denver climate
showed that the energy savings were directly related to the
quantity of PCM in the wallboard. An economic analysis showed
that the discounted payback for the concept will be probably less
than five years. Further, the analysis showed that the optimal
PCM required is approximately 15% by weight of composite.

REFERENCES

1. |. O. Salyer and A. K. Sircar, ‘Development of Phase
Change Material Wallboard," University of Dayton
Research Institute, Dayton, Ohio, (UDR-TR-89-72),
September 1989.

2. R. J. Kedl, ‘Wallboard with Latent Heat Storage for
Passive Solar and Other Applications," ORNUTM-11541
Marlin Marietta Energy Systems, Oak Ridge National
Laboratory, April 1990.

3. TRNSYS, A Transient System Simulation Program, Solar
Energy Laboratory, University of Wisconsin, Madison,
December 1983.

D. A. Neeper, ‘Potential Benefits of Distributed PCM
Thermal Storage,’ 14th National Passive Solar
Conference, Denver, June 19-23,1989; (LA-UR-89-1059).

ASHFIAE, Handbook of Fundamentals (1977), The
American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc.



