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There is a need to improve building envelopes in many parts of the developing world. In cold 
climates, scarce fuel is consumed in an attempt to maintain reasonable indoor temperatures. In North­
ern Pakistan, traditional houses are made with stone walls while newer buildings, houses and schools, 
use uninsulated concrete block that has even lower thermal resistance. Evaluation and improvement of 
these bu ildings were undertaken with a regional non-governmental organization. Measurements were 
made of the thermal resistance of typical exterior walls. An energy analysis showed that using 1.0 kg 
of straw in an insulation board would save about 5 kg of firewood over a winter in a Pakistani school. 

Recent research has focused on development of an insulation that can be retrofitted over exist­
ing walls. The insulation board must be sufficiently strong to support itself during construction and re­
sist damage at its surface . Several methods of containing and binding straw were examined; the most 
promising adhesive was commercially available methane di-isocyanate. Good mechanical properties 
were obtained at resin contents as low as 2% by weight. At densities of 128 and 160 kg/m3 (8 and IO 
lb/ft3), these boards have thermal conductivities of 0.039-0.041 W/m-K (R-values of 3.7 and 3.45 per 
inch), respectively. The boards have an estimated materials cost per unit thermal resistance that is 
roughly half the delivered cost of competing insulations available in Pakistan . Straw insulation boards 
have the added advantage that they can be made on site with semi-skilled local labor and local materi­
als. 

Introduction 

There is a need for inexpensive thermal insulation in many parts of the developing world. In 
cold climates, the wood, charcoal, peat or dung used for heating fuel may be scarce, and insulation for 
the dwellings would conserve resources and would better living conditions; in hot climates. thermal 
comfort could be greatly improved by the use of insulation under the roofs of the houses. This paper1 
describes our effort to develop a rigid insulation board for use in such developing countries as Paki­
stan, where firewood is burned to heat houses and schools are made of uninsulated stone or concrete 
block. Our goal is an insulated board that can be made locally from wheat straw, using simple ma­
chinery and requiring little energy to manufacture. The board would be fastened to the inside of the 
concrete or earth block walls and roofs, and could receive a plaster finish coat. Loose fill insulation, 
by contrast, is inappropriate for almost all buildings, due to the absence of cavity walls. The only rigid 
insulation material available is expanded polystyrene, which has been used sparingly due to its high 
cost. Our target insulation will not have the thermal performance of foams filled with low conductivity 
gas, but must insulate well enough to justify the effort and material going into it. 

1 A fuller description of the work can be found in Charlson [ 1997), Harvey [ 1997), Charlson et al. [ l 998], and Norford et 
al. [1998). 
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Table 1 gives approximate 1996 retail pric11�-fpJ:; c(ff!iijion insulation 11la.t�rials. In �aJdstan, 
prices for expanded polystyrene are in the range of 8.6-14.3 4/�1J12-k/W)�m2 (4.5-7.5�/R-ft2) [Sullivan 1 
1995). · "i: i1,f,,, :;1 . 

Insulating Material Density 
kg/m3 
(lb/ft3) 

wood fiber insulation board 272 ( 17) 

fiberJ?;lass batt 24 ( 1.5) 
ce11ulose attic 35 (2.2) 
cellulose wall 56 (3.5) 
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0.027 (1.4) 
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· ! · ·  i"Using the•ut\guatded flat-screen he:lteii described1befow;·we tested loose straw td establish the 
thennal�vafoe:of the m:.\tet1a1; �s -showrVi11 'fable 2. We shredded stiaw iri two ways, -with a leaf shredi. 
der'and with a :hammer; mill, consistihg of blunt blades' rotating in a vertical plane. Shredded oat !straw 
·Was screenedr:with·a' 4.3 mm (0. 17 :in.) screen, so thaCwe had three •products to'teSt; unscreened, 

screened ('larger pieces); and "the fines (sma1ler pieces) that were 'sepal-ate(f out iri fHe creen'ing. The 
fine� Have a 'natural settled densitY'Of about 96 kg/ni'.l (6 lblft\ so' we measured" them atthat densfrf 
r ;:'1 We measured the thermal conductivity of insulation boards in 'a·n unguarded ffrlt-screen neater 
tonsistirig oNf·hichrotne screen heated by electric· ttirrent, sandwiched by insulation·boards 38' x 64°crli 
(15 ·x 251:in.) an'd·no more. than 38 1tmn thick'(lS'in;):,·'-Cfuomega-constantan· thermocouple��'were 
placed 011 the screen and'on either side of the samples, one of which'was a reference sample' bf known 
conductivity. Aluminum plates, 16 mrri thiclC 0.25 hi) were placed on the outer surface of each sample 
to provide a nearly isothermal surface. Desig'n 1of the conductivity tester was based on Hager [1985] 
and McEitoy [ 1985] arid 'is described more: fuJJy in Harvey [ l 997]. Theoretical analysis of heat trans-
fer in straw insulation boards is presented in Charlson et·al. [1998a, b]. 

·· .r· • 

• -1 ic,;· rr· foitial 'efforts wete:'made with three 'readily av'.ailable, ·non-hazardous, water�soluble glues: 
·PV:A, sodium silicate, and wheat1paste; :We ran side by side tests to see which of these·three·r�presen­
:ifat!ive bihdets Workf\o best.' At the same-time we tried different stfaw grinds; uncut, shredded; ·iniUeu, 
··wi�h 'and i\V'ithout·screening. The method'of applying the adhesive'wa8 likewise varied from spraying 
iffOlfbamihg' ah(J dippirig.' · We produceC!' sbrhe ·boards w'ith;1faif to good structural qualities; IJU:t 'u§iftg 
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large amounts of adhesive, so that the estimated cost per insu-lating unit was too high 9 .5-19 ¢/( m2-
k/W)-m2 (5-10 ¢/R-ft2). Efforts with less adhesive produced fragile, flake-prone, incobesive sampl'eS. 
This may have been because we did not have an effective technique for finely distriouting the watet­
adhesive mixture over the straw pieces . 

. ,straw Density 
kg/m3 (lb/ft3) 

Unscreened 87 (5.4) 
Screened 87 (5.4) 
Fines 95 (5.9) 

•' 

Conductivity 
W/m-K . ' 
(Btu-in/Rft2Fr1 
0.038 (3.83) 
0.041 (3.52} ' " 
0.041(3.48) ' 
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Table 2. Thermal resistance of loose straw. 
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MDI Straw Boards 

· - . -·- - - -- -,' .. :::'··_ :_·.!·-·--� 
Our r1cent work f()_cused on one p�ornisin_g adhesi��Ldiphen_ylmethane dii!�ocyante (MDI)', :We· 

made 42 50 x 70 cm (20 in. x 28 in.) hammer-'rniilled wh��t-straw boards at _the_!.�search pla.J1_ttqf1�a 
manufacturer of MDI. For most of the tests we_ usecl the complete straw furnish ( the output of the 
hammer mill), with no fines screened out. . For two- blender-loads 'we used furnish that had been I 
screened in a:commer�·ial, rotating sifter with a 0.4 cm (0.16 in. creen. We used ·the coarser. pfoe�t: 
rejecting the approximately equal volume of fines. The furnish -was placed. in a· rofating'bleiiClei a))cr 
sprayed for 10-15 minutes with a·predeterminea quantity of resfo·ffom a fine nozzle. We then placed a 
measured amount of furnish in a form, lifted off the form, and hot pressed the mat to a one inch thick­
ness. The upper and lower platens of the press were maintained at 190°C (375°f). After a dwell tJme 
of eight minutes in the press, the resin was fully cured, and the boards were removed. 

, . We .fabricated boards with densities .. of 64�240.kg/1113. (4-1� Ib!ft\ and with re,c;in.coptent of I­
ii�%' by �ui�s. Generally sp(!al<ing, the.-str,yngtl) follows d�nsitx· .rhel 192 and 240 kg/ni3,1(l,2J and �5 
lb/ft.3) boards are strong enough for trial inS;tallation and the 160 kg/m ( 10 Jb/ft3) boards are nearly ·SO, " - ,, ' ' . . ] '\ . although further tests and rt!fmt:ments are needie-d. The 1218 kg/m· '.\ (8 lb/ft ) board ln g�neral need 
some structura,1 improv�ment �.o be, usable,, and the 9q kg/m .(.6. lb/fr) 1board . would need.. m(,ljor r-eiµ­
forcepi.ent. Res�n content hap .l�ttle impact, pn thermal resistarw.e and compressi.Ye stre1:1gth, while. in­
creased resin modestly increased the modulus of rupture, a measure of bending strength [ASTM 1994]. 
Tqe. i�pact of,resin content at specific b.o�rd densities is included in Figures 1-3, discussed below; the 
figures show as-manufactured (or actual) board densitie!i, as distinguished from the ta1'get derisitie.s .. · 

! _ The use of screened versus unscreened str.aw -!Particles_ had. "o consistent effect on thermal. re­
sistance over a range of densities. Screening out -the1 ,fines significantly boosts both compressive 
stren§th, and bending strength. The compressive str�ngth g�in was on the order of-20% for the 160 
kg/m (ld lblft\board�, and .by nearly a factor ofxwo for the 128.kg/m3 (8 lb/ft3) boards. The.modu.lus 
of rupture nearly doubled for boards of both de�sit�s., �-. , ., " � > 2 

_ Density h<fs_a strong effect qn thermal conductivity, as shpwn in Figure, 1. For a give:n material 
w� wish to,minimize .the conductivity. Sincy e�panded polystyrene at 0 036;Wlm �. (R4/inch) is avail­
able,, we woulp like �o at least approach that va"tue; t\t densities abo.ve. J 60 kg/m3 (I 0 lb/ft:), t�rmal 
r��ista!lce drops off. . Our 128�.160 kg/m3 .(8,-10. Lb/ft3) density boards, whic;h have O,p41 W/mrK 
(R?1.5/inch) conduct�y\ty, match the �heqnal value.of foam� that aren't .filled wit�a lpw GOQ.ductiv.i�y 
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gas, meaning 0.036-0.048-W/m-K (R4-R3 per inch). This is typical for the better air-based iil"sulaffons 
such as fiberglass, cellulose,- and expanded--polystyrene. One important question is whether orl'.':no� 
straw boards at these densities are strong enough, or can be made strong enough. Figure 2 shows com;. 
pressive strength as a 'function of density for unscreened boards at all resin contents. Included�are 
points for five other kinds of board that we tested. Our 128 kg/rn3 (8 lb/ft3) boards, at 28-55 kP� �4-8 
lb/in2) pressure for 10% compression, have great�r strength in compression than such widely used 
boards such as expanded polystyrene 32 kPa (4.6 lb/in2), and rigid fiberglass, 1 1  kPa {1.6 lb/in\ , 
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The strength of the boards in bending, wh}ch involves compression on one face, and tensiop. on 

the other, also provides a meaningful structural criterion for our purposes, giving a sense of hdw ':Well 
the boards can span studs or rafters, and how easily. they can be carried. Figure 3 reveals that modµlus 
of rupture (MoR) for our straw boarps increases substantia11y with density. The 160 kg/m3 (10 Uj/ft3) 
straw boards have an MoR equivalent to· extruded polystyrene, Which has remarkable sttuetural prop­
erties and is used in forming concrete foundations. On the other hand, the foamed plastic boards are 
clearly superior to the straw boards in resisting flaking or dog-eating. 

Figure 4 provi�es c,qst data b,a,srd on a.Pi�kistani straw pdce of 1 1.7¢/kg (5.3¢/lb), and an in­
ternational MDI pric� of $2-20/kg ($1.00/lb) for the hea!.1 �ured resin. So far we have onl¥ .ac,�ieved 
acceptable structure m boards of 128-160 kg/m3 (8-10 lb/tt3) or greater. We take 3.8¢/(m� KIW)-m2 
(2¢/R�ft2) as a rougt) upper limit for materials cost, so that with the added expense of labor, overhead, 
retail markup. etc., the boards should still cost less than the polystyrene currently available for 
I l.4¢/(m2 K/W)-m2 (6¢/R-ft2). Several boards depkte«;l in F�gl;l�e 4 clearly meet this cost criterion, al· 
though the 160 kg/m3 (I 0 lb/ft'.\) boards at I% resin �r� structura'ily unacceptable. Boards with density 
of 160 kg/m3 (10 lb/ft:t) and 2 or 4% resin meet the cost criterion, have moderate thermal performance, 
and are strong enough, or could be made so with minor improvement. 
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Economic Benefits of Insulation for Buildings in Pakistan 
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1• :"?To asses� t.he P,enef�ts of thermal ,i11�ulat.ion, we surveyed a:nii �hen simulated the en�rgy perform­

�n,i;.;e qf four sc�ools,.G9vering three designs and,thi:ee, wa}l cc:mstructions. The location .and a, brief de­
�criP.tjol},o� thp. s«:bo?ls are as follows:. , . . . ,i, ii 

<� j!·,'. ., J!lil ,/ fi� �:-.:' '. :i ,'(� l' !'• ! 
, t. ,, Danygr�,, in:tJ;ie Gilgi�. valley oql;le Northern Areas, This school has seven classroom blocks radi­., .. , ating fr<;i,!TI a central core blo<;:k .. '.fhe "".alls are. made of hollow-core com;rete blocks and �he ,flat 
: ''· s.oof.is.:�ade of con<0rete blocks.placed on T beams. ,: _,1.,, . ·_,. 

2. Ahmedabji�, in tbe H4nza valley of the Northet;n Areas. This school has the same construction .a$ 
the :school in Danyore, but has four rooms with a central corridor. (Figure 5). 

· 

3. Qhakuch, in ��e Gilgit valley. The walls are made of semi-dressed stone, the pitched roof is com­
';'.); r prise� of plywood, a reed-like insulation, and corrugated iron, and the school has four roo.rns. , , ;-
4. Parvak, in Chitral. This school is identical to that in Ghakuch but the walls ai'.e of cement� 

u�.inforce4;e;art�j known as �e.rracr�te. , . 
; ' ,, 

For_,refier:ence_,. the Gilgit cli�ate has, about 1 700 neating degree days, base 1 8  °C, as estimatedJrom 

rnO:J!thly myan t.emperature data [Pakistan Meteorological Dept. 1993]. 1 : , •1 

j() " . . ( .• .i; :' ,, 
·� >' ' ) '" ' j I rj f • .. 

1.J • • � .. �·::..._ 'J ·. 
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to' (Magnetic) 

Classroom (7.32 m x 4.88 m) 

Outdoor 

(Room heights, 2. 79 m) 

' 
-�-..� 

Classroom 
(7.32 m x 4.88 m) 

Window& (1.27 m x l.02m, 
6 double pane units, 
0.32 m x 0.30 m) 

·· Oassroom �--}, -(i'.32 m x 4.88 m 
'•'\; ·. I ti I \ l ', Skylight � ;\'• (2.2 m x 0.61 m. ',! ·� obsttllctcd. by 

'L- O.ISm "T' beams 
al 0.46 m ecntrcs) 

'. . 

' I 

Skylight (2.2 mlx 0:20 m) :• 

...... ., . .... ,. 

• \ .. ' <: � � #<J' \ \,i. ,; ; •• l Figure 5. Orientation of Alzmedabad School 
·'.,"I c On..:s ite -survey work; cahduct-ed in November 1995; inClude'd 1 oocupant ·survey( measurements 

of ther•mal Tesistarice ·and density of. bui'lding ·materials! illuminhrtce· rneasufotnents; !ind afr-tightn6�s 
measurements using a blower door. Long-term temperature measurements 'ftom portable d�Hi foggers 
supplemented the on-site work. The schools were too cold to be usable for 6-8 weeks in winter. Meas­
ured in�oot temperatures were often· only 2 nc ;wa'rmer rhari: Y()utdobt t'eMperattire's, and. modes� uke .6f 
woo'd�stoves iit ·some schools typically boosted temperatures by no more than an additional 2 °C. Den­
sities and thermal resistances for wall materials, are shown 1n 1'able'3:;·Taale "4 shows t the infolation 
placement scenarios that were simulated and then ·compared· \Vith t1ie'·baseline, uninsulat�d case. Sce­
narios 3 and 6 both involve insulating the roofs of:the occupiecfr66ms and do not-nave favorable pay­
back p�riods for Ghakuch .. and Parvak sch.oo'ls, 'the,·roofs of which are already· insulated : · Simulatibns 5-
A and 7 were:·performed•fot-the.Ahmed'al>ad·;scho'61 afid simulations 3-D, 7 and 7-D-were performed 
for the:'.Danyore school. : - : · -· ' · "· · r : · :: �� \( • · '-. t 

The SERI-RES/PC VL2 program [Hayes 1987], an hourly simulation that adequately'nibdels 
thermal-mass effects was used for thermal simulations. The occupied-period indoor temperature was 
·set to ·'17 <>c, a Feasona:ble target given the lower tempei·atures now· expeFienced. The efficiency Of 
wood stove wa estimated to be 50%. Cla�sroom occupancies· noted in the site sur.Veys were incdrpo­
rated in the simulations. Infiltration rates , estimated from measured air tightness and available wind­
speed data, ranged from 1.4-1.9 ACH. Ground heat loss was based on ground temperatures estimated 
to be mean amb ient dry-bulb temperatures three months in advance of the month in question and 
ground resistance calculated from a perimeter heat-loss model. Estimates of material costs and heating 
fuel costs ($0.07 /kg) were provided by Pakistani colleagues [AKHBP 1996]. 
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' MateriaJ ' 
I ' -

hollow-core concrete block 

. j ; ' 

semi-dressed stone 
('granite) · '  

terracrete. · . , 
, . · - - ·  .. ' 

flat concrete roof ! �· I : 

(block on T-beams)· ' I . 

pitched roof' 

' . I 1' . 
Density kg/m3,,. . 

� 
'• ,, . : 

2272 I r , •1 Ji •' I 
measured iQ GiJg�t ' ;• . 

2466 
measured' at Gh�kuch 
2253 . . 

measured at Patvak' 
,I ,• . 

, . ·! � 

-

. ' . ·,·• •I 

'Jt,., I 

�. 

;. 
.. 

. 
. Thermal resistance mzK/W .J' . 
' (w/o bou.ndarv layer) : 

0.33 ,, 
I mea,sured at Danyore and I •• • 

.. Ahmedabad, 203 mm thic;b;. , 
0.23 
measured at _Ghakuch. 38 J rµm thick 
0.30 , . 

rrieasilred at Parvak, 300 mm thi�k 
· -· 

I 0-44 I , ,-

'l J n1easi.lreu al Alm1t!uabad · .. ·, .. ; 
. 

2.32 
measured at Ghakuch 

' 

' 
, 

' 

. .. 
. . 

-·_.,I 
I• 

1h 

I. The pitched roof construction has a ceili�g laye; ofli.5 mm plywood, a 200.0 mm layer of sirkander grass (reed) in­
sulation, and an outer layer of.4.4 gauge corrugat� galvanized iron sheet. 

Table 3. Densities and theimal resistances of wall materials, as measured on-site by authors. 

Scenario Insulation Placement 
1 Inside surface of the external walls for the occupied rooms . 

' 

2 Inside surface of the external walls for the occupied rooms except for the walls 
which face the Southeast direction. 

3 Inside surface of the external walls and the ceilings of the occupied rooms. 
3-D Inside surface of external walls for occupied room� and all of the ceilings. 
4 Inside surface of all walls for occupied rooms except for those shared with an-

other occupied room. 
5 -

liiside.surface of external walls for occupied rooms, the occupied side of the walls 
shared between occupied rooms and the corridor, and half the given insulation on 
each side of the walls shared bet\veen two occupied rooms; i.e. for the case where 

i u. II• external walls are insulated a material with a: resistance of 0.88 m2 K!\V, 0.44 fD2 
. K/W is placed on each side of the walls shared bet\veen occupied moms . 

5-A Inside surface of external walls for occupied rooms and the full amount of insu-
lation on both sides of the walls shared between two occupied rooms 

6 Inside surface of external wa l ls for occupied rooms, the occupied side of walls 
shared between an occupied room and the corridor, half the given insulation on 
each side of the walls shared between two occupied rooms, and the ceilings of the 
occupied rooms. 

6-A Inside surface of externa l walls for occupied rooms, half the given insulation on 

f'H J; . ,, 
each side of the walls shared bet\�een two occupied rooms, and the ceil ings of the 
occupied rooms . 

7 Inside surface of the external walls of the occupied rooms,, the occupied side of all 
'' walls shared with the corridor, and the ceilin.gs of the occupied rooms. 

.. , 17-D Inside surface of the external walls o'f the occupied rooms, the occupied side of all 
) , ) I walls shared with the corridor, and all of the ceiling's, 

' , •' I '' 

Table 4. ThennaUnsulaii@n scenarios compared with the M.seline model. 
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Figure 6 sh?ws estimates of the deliveJe_d �nergy_ required for .heating one building at tpe :Ah­
medabad -school. . �The results show a 25% energy reductioa· relative to the uninsulated base ��s�:'for 
Scenario 2, �ith p.88 m2 KfW (R-5) of insu lation appl ied co. �11 of"�l:>e external occup_ied walls e?'c;ept 
the .southeast wall. There is a 37% reduction for Scen�rio. I Onsu lating al l  the ext�rhal walls) an·d a 
4 1  % reduction for 'Scenario 4 (insulatirrfall the wal ls o:foccupied rooms except those shared with an­
otheLoccupied room), iri both cases for 0.88 m� I<IW· (5 .0 hr ft2 PF/Btu, or R-5) of "insulation: Because ' I the rnof and walls are both made of un insi.1 lated concret�1 in Ab.medab,4d, it is neces ary to insu late both 
the �oof and wall to achieve the optima!' benefits. Tb)s 1effect i obst?tyed iif lhe last Tour da�a .points 
on ihe graP,h . . These scenario �ive a t ight range of 67.r� �q8% r�duc_�io:n . When th� in!lu lat i�n is ��� 
bled to -J-:76 m2 K/W ( 1 0.0 hr ft °F!Bcu-, o r  R- 1 0), energy reductmns are 30, 44 and 47%.:fof Scenarios 
2, l ,  and 4, respectively. When )nsu lation is added to the roof, the range of reduction§jumps to 76%-
79% .  . . -

' 1 • 

Estimated Annual Heating Energy Required for One Building of the 
Ah medabad School Under Different Insu lation Scenarios • ! -1 .., • , � : r ) - 11 ! ' , 

- ··:- · Insulation oftl.88 m2 KIW thermal1reslstam:�·(R5 in British'Unlls) 

__._ Insulation ot .. � .76 m2 'r<!:"!_ th:r��I resistance (R1 0  In Br ltls� ,U�it�-1 
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Figure 6: Annual heating energy requirementsfor-the Ahmedabad schoof: '....:· '·-·. ' �-. • •' } : I:. l • ' l>  .J� ,I.,_• , ' . ' . ., I 

' . ' ' t ,. ! J � ..  :� f h: . ! . -
• Figures 7 and 8 summarize the payback penods for two optimal . .  msulat1on placement scenanos 

at each school using straw insulation m�terial .an� expan�ed p<?,lystyren�e;� re-spectiveJy. 1he results are 
given at both the 0.88 m2 KfV.! (5 .0 hr ft� °F/�tu, or R-.5) . and the 1 ,7(5 ffif,l\lW ( 10.0 .hr ft °F/Bt\l, or R-
10) insulat ion quantity levels, For each 11cho.o l , the: .payhack p�rjod . is  cliaitedd'or tlie insulation mate­
rial itself as well as the combined material, installation, a1,1d surface finish easts . .. Labor costs for·manu­
facturing the straw boards were not considered in 

. . the-payba-ck° analysis 
.. 
and could 

'
increase. th� board 

cost by as much as 24%. With the addition of the labdri whicb. �oul<\l ,in1praotice be donated, the' cost df 
straw-MDI boards is still 48% below the cost of expanded polystyrene rigid insulation. Payback peri­
ods based on material usage (mass of straw required for insulation, returned in avoided heating-fuel 
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Payback Periods* tor the In ltlal Investment In Straw Insulation 
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wood) are much shorter than for financial return because the lattedncludes the binder and Iabo.r. For 
example, the 2.9 year economic break-even time at the Ahmedabad scho�l for sc�nario 7 aficf �i�aw in­
sulation at 0.88 m2-K!W (R 5) is a soc iated w ith wood savings of .about �.000 kg/year and about 770 
kg of straw , which yields a matertals payback of about 0. 1 7  years. Materials -f)ayoacks foi Ahmed­
abad, Ghakuch and Parvak ranged from 0. 1 3-0.27 yearn- for 0.88 m2""K/W (R S�· insu lat ion and 0.29-
0.47 years for 1 .76 m2-K/W (R 1 0}. · 

: 
- · -

Discussion .. • I  

Our key concerns with tliis work are the f�asibifity of constr�cting ··� ��atisfacforf straw-bas�d 
insulation board; the choice of binder , which affee:ts cos.ts and�eas.e -of fabrication; and economics, in-
cluding costs relative to conventional insulation boards and payback·:p'ei-iods.-· ·.-:;, '.· :: ' - . ,  ··  

: 
Feasibility. With the help of the MDI manufacturer, we �ere able ·to make low cost straw ih­

sulation boards with modest thermal and structural attributes using MD,f re·sin. Based ori' oudesearch, 
we would make MDI boards at 1 60 kg/m3 ( I  0 lb/ft3) dens ity, 4% r�in content: using unscreened straw 
from the small, tractor-driven threshers in operation in Pakistan. These. boards would''have'·a"thermal 
conductiv ity of 0.04 1 W/m K (R3 .5/inch)- a modulus of rupture of-340- kPa (5'0%/in2). and the straw 
and resin going into them would cost 3 . 8¢/(m2 K/W)-m2 (2¢.�-fr\ A tumbler, spray apparatus, and 
hot press would be required. The boards could be .attached to . the interior of walls and roofs with 
screws or nails , and plastered. Although this product should perform well, and is ready for small-scale 
field testing, it is likely that. with further work even better boards will be created. . . . -' 

B inder. As noted earlier in this paper, we initially experimented with pulping the straw and 
using binders other than MDI. ,After our,experi�nce with the MQI boards, it becarn�� apparent that we 
were working at too low densities in this- early work . We did not succeed in making a sound, cost­
effective board with PVA, sodium silicate, or alkaljne soaking, in the 8Cr-96 kg/m3 {5�6 1b/ft3) range, 
but it would be worth repeati_ng ,,th{(se efforts in the foO kg/m3 ( 1 0  lb/ft\ range, where it should be pos­
sible to use much les s  adhe-sive. : Sodium sil icate, in particular, is a promisfog -candidate because it)s 
noncombustible, un�ttractive to microorganisms , inexpensive, ano the raw materi�ls are widely avaH-
abie. : " · · · : . " 

Economics.  Str�w i�sulation-boards could provide sub_�tantial benefit to the economy and en­
vironment of Northern P,ak istan in the immediate future. For schools, th� :cost of insul�tion , a plaster 
finish and installation labor is about half that for polystyrene. Materials payback periods are well uu-

. - · '  · - ' - ·- - - ·  2 ' •  
der one year and economic paybacks, range. . from 2.6-7 .9 years for 0 . 8 8  m -K/W (R  5) and 3.6- 1 0.9 
years for 1 .76 m2-K/W (R 1 0) insqlation. A similar thermal and -economic �analysi,s has yet to be done 
for houses. Resu lts for houses will depend on : wall corisfruction� and .. whettier house wal ls .�r� shared 
with neighbors (as is typical Of olGler houses but less common for newer. dwelling,:· or is built ·against a 
hillside (as is also common with older houses) . Next steps to fak� with ·.the insulation jnclµq� ,devel­
opment of a low-c6st tuniblet,and MDI sprayer that can be used inexpensively and safely in Pakistani 
vil lages, and field tests of the im;ulation to assess insta lled therf9a-l and structural performance and 
long-term durabil ity.  · 

In the long term, the methods engendered in this work can be app lied to materials other than 
straw. The fundamentals of shredding, applying binder, and forming a strong porous sheet are trans­
ferable to other materials , so that inexpensive, environmentally benign insu lation can be made in parts 
of the world where such low-value materials are available. This cou ld be significant in efforts to pro­
v!de. ���lte;, slow global w arming , <in� ,aHFiate; pollution. , ,  : · ' , · .� ·,.:\ �' 
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