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ABSTRACT 

LOPEZ, JUAN LUIS. Economic Potential of Pine Hybrids: A Case Study for South 
Africa. (Under the direction of Dr. Robert Abt). 
  

The economic potential of three pine hybrids and their parent species was 

examined for South Africa. The studied taxa were the P. patula x P. tecunumanii, P. 

greggii x P. tecunumanii, and P. taeda x P. tecunumanii hybrids, as well as their 

parent species. A model was developed for use in determining the profitability of a 

tree-breeding program with pine hybrids in commercial plantations. Pine hybrids and 

the parent species were characterized for growth as well as their wood and pulp 

properties. The influence of volume yield and wood properties of pine hybrids and 

parent species on the financial performance of a modeled South African pulp mill 

was assessed. An optimization model to estimate the trade-off between profits and 

species diversity in a vertically integrated forestry company was developed.   

Growth measurement data and wood samples were collected in four twelve-

year-old genetic trials in Mondi South Africa and Sappi Forests. Growth models 

developed for P. patula in South Africa were used to infer models for P. greggii and 

P. tecunumanii. These models, together with South African P. taeda models, were 

used to calculate the optimal financial rotation age at discount rates of 6%, 8%, and 

12%. Financial data were collected from different sources in South Africa. The model 

output shows the net present value (NPV), the internal rate of return (IRR), and the 

minimum area that a tree grower has to plant every year in order to justify the 

investment in a tree-breeding program. A stochastic approach with Montecarlo 

Simulation showed that the sensitivity of NPV to uncertainty in the wood price and 
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currency exchange rate was greater than that for the planting, harvesting, and 

hauling costs. 

The characterization results indicated that the hybrid growth may be either 

superior to that of the best of the parent species, equal to the best parent species, or 

intermediate between the parent species. Wood chemistry, wood density, pulp yield, 

bleaching, fiber, and hand-sheet properties were also measured for all the taxa 

following well-recognized lab standards. The most frequent position of hybrid traits 

with respect to parental traits is the intermediate; in a few cases, the position was 

above or below the parental species. For the three hybrids, the value of the hybrid 

trait was closer to that of the female parent in 70% or more of the cases.  

The pulp mill and the forestry models used to calculate the impact of growth, 

wood density, lignin content, and pulp yield on financial performance showed great 

differences in NPV among taxa. Two scenarios with manufacturing bottlenecks 

limiting pulp production were used in the pulp mill model, one in the recovery boiler 

and one in the pulp dryer. Results under the two scenarios showed differences over 

$U.S. 650 million of NPV between the best and the worst species at a 12% discount 

rate. When the recovery boiler was the constraint, sensitivity analysis showed that a 

±10% lignin content had 2.6 times the effect of the mean annual increment (MAI) 

and wood density (WD) at a 6% discount rate. When the pulp drier was the 

constraint, the sensitivity analyses showed that MAI and WD had 2.9 times the 

influence of the lignin content.  

A linear programming model was developed to optimize profits and species 

diversity of an integrated company owning a kraft pulp mill and commercial 



 

3 
 

plantations. Wood density, pulp yield, volume yield, wood lignin content, and total 

pulping costs were included as parameters. Constraints on pulp production, 

solubilized lignin, and annual planting area by species were applied. Six different 

analyzed cases illustrate the trade-offs between annual profits and species diversity.   
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CHAPTER 1: A TREE BREEDING MODEL TO ASSESS FINANCIAL 
PERFORMANCE OF PINE HYBRIDS AND PURE SPECIES: DETERMINISTIC 

AND STOCHASTIC APPROACHES 

Introduction 

Interspecific pine hybrids are a promising alternative to pure pine species in 

plantation forestry. They may grow more quickly than the parental species (hybrid 

vigor or heterosis) and combine complementary traits. Pine hybrids might be viewed 

as “new (synthetic) species” better adapted to specific environmental conditions than 

their parents. Despite the great promise they hold for commercial plantations, pine 

hybrids have so far seen very limited use, with focus on only a few species 

combinations. For example, the forestry sector in Queensland, Australia, has been 

commercially planting the Pinus elliottii x P. caribaea var. hondurensis hybrid for 35 

years and has established more than 26,000 ha of hybrid plantations: 13,800 ha of 

F1 hybrid and 12,500 ha of F2 hybrid (Nikles, 2000). Smaller extensions of this 

hybrid have been planted in South Africa and Argentina.  Pinus rigida x P. taeda, 

which was initially field tested in the United States from 1970 to the 1980s (Kuser et 

al., 1987 cited by Dungey 2001), has been planted in South Korea for over 30 years 

(Hyun 1976; Byun et al., 1989). In Canada, extensive research has been conducted 

on Pinus strobus x P. wallichiana in efforts to overcome the blister rust disease, 

which is caused by Cronartium ribicola Fisch, and to which P. strobus is susceptible. 

According to Lu et al. (2006), “Despite substantial gains in blister rust resistance, 

long term field trials indicate that some first-generation hybrids between P. strobus 

and P. wallichiana had less than satisfactory adaptation on northern sites, although 
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they grew and flowered normally in southern Ontario” (Page 243). This hybrid also 

appears as an alternative to P. strobus planted in Romania, where the hybrid has 

been assessed at the family level, with significant genetic gains on volume and 

survival (Blada and Tanasie, 2013).         

The testing of pine hybrids in South Africa started on a small scale in the 

1970s with the establishment of several hybrid trials in Zululand (van der Sijde and 

Roelofsen 1986). In these early trials, P. elliottii x P. caribaea var. hondurensis, P. 

elliottii x P. caribaea var. bahamensis, P. elliotti x P. oocarpa and P. taeda x P. 

oocarpa were tested as hybrids, and P. elliottii and P. taeda were included as 

controls. The result was the initiation of small hybrid programs of the P. elliottii x P. 

caribaea hybrid in some locations in the country.  The effort to create and test 

additional pine hybrids began in earnest as a cooperative project with Camcore 

(International Tree Breeding & Conservation Program) at North Carolina State 

University (NCSU). Early results of this research indicated that hybrid crosses within 

the closed-cone pine group, such as Pinus patula x P. tecunumanii and P. patula x 

P. oocarpa, offered the opportunity to increase productivity and overcome disease 

problems in plantations (Mitchell et al. 2013). These hybrids have been shown to be 

a viable option to replace commercial plantations of Pinus patula at the low and mid-

elevations to reduce the risk of high mortality caused by Fusarium circinatum (Pitch 

canker) in South Africa (Kanzler et al. 2014). South Africa has very limited options to 

expand the area of pine commercial plantations, and pine hybrids provide a way to 

increase wood productivity across a land base of fixed size.      
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Most of the work published on hybrid studies considers questions of genetics, 

productivity, adaptation, and wood properties; only one known by the author 

attempts to assess the economic value of pine hybrids in plantation forestry. Harrick 

(1981) used a least-total-cost model for Pitch X Loblolly pine hybrid to find the 

combination of annual planting area, seed orchard capacity, and expenditures that 

increased forest yields at different interest rates. 

To address this gap, the main objective of this chapter is to build a functional 

model that provides estimates of the economic potential profits of pine hybrids at the 

forest level. The specific objectives are as follows: 1) measure profitability of tree-

breeding programs for pine hybrids and pure species at the optimal financial rotation 

age for sawtimber and pulpwood; 2) determine the minimum annual planting area 

(MAPA) required by a tree grower to justify the investment in a tree-breeding 

program with pine hybrids; and 3) assess the effects of stochastic operational and 

financial inputs on the net present value (NPV) of a plantation forestry project.  

Materials and Methods 

Description of the Genetic Trials 

Four genetic trials of different pine species and hybrids were established by 

Mondi South Africa and Sappi Research in eastern South Africa. Two of the trials, 

one at Mondi and one at Sappi, were pine hybrid trials; the others were pure species 

trials of Pinus taeda and Pinus tecunumanii. The spacing of the two trials at Mondi 

was 3m x 3m, while the spacing of Sappi’s trials was 2.7 m x 2.7 m. Details about 

the trials are provided in Table 1-1. 
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In both hybrid trials, needle samples were collected from 131 trees, including 

81 at Mondi and 50 at Sappi. The samples were sent to the University of Pretoria, 

South Africa, for DNA extraction; then, at NCSU, they were verified as true hybrids 

with single nucleotide polymorphisms (SNPs) marker technology (Jimenez, 2011). In 

verifying the samples, Jimenez (2011) used the results of previous research 

conducted at NCSU with SNPs markers by Khan (2010), who developed the DNA 

sequence information for 16 different pine species: P. taeda, P. elliottii, P. radiata, P. 

patula, P. tecunumanii, P. oocarpa, P. maximinoi, P. herrerae, P. leiophylla, P.  

  

Table 1-1. Location and environmental conditions of the four pine trials used for this 
study in South Africa.  

 
Company Trial Taxa Location Lat. Long. Alt. MAP  MAT 

Mondi Pine hybrids P. greggii 1st gen 
mix 
P. greggii not 
improved 
P. greggii x P. 
tecunumanii 
P. taeda x P. 
tecunumanii 
P. tecunumanii 
not improved 
P. patula 2nd gen 
mix 

Mahehle – 
Natal 

30⁰ 08’ S 29⁰ 53’ E 1197 m 976 
mm 

16.9⁰C 

Mondi Pinus taeda 
progeny 

P. taeda 2nd gen Mahehle – 
Natal  

30⁰ 09’ S 29⁰ 53’ E 1197 m 976 
mm 

16.9⁰C 

Sappi Pine hybrids P. patula 2nd gen 
mix 
P. patula OP 
BSO mix 
P. patula x P. 
tecunumanii 

Usutu – 
Swaziland 

27⁰ 32’ S 31⁰ 05’ E 1097 m 1350 
mm 

16.8⁰C 

Sappi Pinus 
tecunumanii 
progeny 

P. tecunumanii 
not improved 
P. patula not 
improved 

Usutu - 
Swaziland 

26⁰ 32’ S 31⁰ 03’ E 1040 m 900 
mm 

17.2⁰C 

Source: Internal reports Mondi South Africa and Sappi Forests.  
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teocote, P. greggii var. australis, P. caribaea var. hondurensis, P. jaliscana, P. 

pringlei, P. pseudostrobus, and P. greggii var. greggii. Ninety-seven percent of the 

samples were confirmed to be true hybrids. 

The volume growth of P. taeda in the Mondi progeny trial was compared to 

the volume growth of the other taxa in the Mondi pine hybrid trial because the 

environmental conditions of both trials are the same, and no P. taeda control was 

planted in the hybrid trial (Table 1-1). Because the Sappi pine hybrid trial did not 

have P. tecunumanii (Table 1-1), the supposed volume growth of this species in the 

hybrid trial was the result of an extrapolation from the Sappi P. tecunumanii progeny 

trial. The relative difference found in the measured volume yield between P. patula 

and P. tecunumanii in the P. tecunumanii progeny trial was used to infer the 

difference in volume yield between these two species in the pine hybrid trial.     

The Mondi Trials 

The two Mondi trials were planted on the same site at Mahehle, located in 

Natal province at 30⁰ 08’ latitude South, 29⁰ 53’ longitude East, and 1197 meters of 

elevation (Table 1-1). The first trial was a pine hybrid study, and the second was a 

second-generation open pollination progeny test of Pinus taeda (Figure 1-1). The 

soils of these trials were clay loams with effective rooting depths between 90 and 

150 cm.    

Mondi Pine Hybrid Trial 

The pine hybrid trial at Mondi, which was planted in December 1997, 

contained nine polymix families of P. greggii var. australis x P. tecunumanii and 
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seven polymix families of P. taeda x P. tecunumanii, all of which were analyzed in 

this study. Bulk commercial seeds of P. greggii var. australis from Mexico and P. 

tecunumanii seed from Rio Chiquito in the highlands of El Salvador were used in the 

trial as controls. Other improved taxa included and analyzed in the study were P. 

greggii first-generation mix and P. patula second-generation mix. (Table 1-1). The 

pollen of P. tecunumanii that was used in the crosses to create the hybrids was 

collected in Central America by Camcore. The design of the trial was a randomized 

complete block with 4 replicates and 18 treatments, with 6-tree row plots per 

treatment. The number of trees analyzed was 204 for P. greggii x P. tecunumanii, 

152 for P. taeda x P. tecunumanii, 20 for unimproved P. greggii, 24 for P. greggii 

first-generation mix, 21 for P. patula second-generation mix, and 20 for unimproved 

P. tecunumanii.  The pine hybrid trial included a number of other hybrids and pure 

species that were not part of this research project. For this reason, only the hybrid 

treatments of interest to this research are reported in this document.   

Mondi Pinus taeda Trial 

The P. taeda trial was located 550 m from the hybrid trial on a site with similar 

soils, topography, and environmental conditions (Figure 1-1). Established in March 

1998, it was a second-generation, open-pollinated progeny trial planted in a 

randomized complete block design, comprising 242 treatments that were placed in 

20 replicates of single-tree plots. There were 4,679 trees assessed in this trial.   

 



 

7 

     

Figure 1-1. Location of the pine hybrid trial and the P. taeda progeny trial in 
Mahehle, Natal, Mondi South Africa. Distance between the two trials was 
550m.    

 

The Sappi Trials  

The two trials at Sappi were located in Usutu, Swaziland, 5.6 km from each 

other (Figure 1-2). The altitude, mean annual temperature, and overall climatic 

conditions of the two trials were very similar (Table 1-1). The soils at both trials were 

deep, red, highly leached, and well-drained. Specifically, in the pine hybrid trial 

(compartment A15), the soils were predominantly clay (40–60%) and 80 to 100 cm 

deep. In the P. tecunumanii progeny trial (compartment A5), the soils were 

predominantly clay loams (25–65% clay) that were 60 to 80 cm deep (Pallett, 1990). 

Both trials were planted on locations of site quality 3, a soil classification of 

intermediate quality based on the company’s site assessment system.     

   

P. taeda  
progeny  
trial  
Mahehle 

Pine hybrid trial  
Mahehle 
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Figure 1-2. Location of the pine hybrid trial and the P. tecunumanii progeny trial at 

Usutu, Swaziland, Sappi Research in South Africa.  

 

Sappi Pine Hybrid Trial  

The pine hybrid trial, which was planted at Usutu in March 1999, was 

established in an area where P. patula has for many years been planted as the 

commercial species. The trial included the following hybrids: Pinus patula x Pinus 

tecunumanii, P. patula x P. greggii, P. patula x P. oocarpa and P. elliottii x P. 

caribaea, as well as two P. patula controls (Table 1-1). Only the P. patula x P. 

tecunumanii hybrid, a second-generation P. patula, and P. patula from a breeding 

seed orchard, were assessed as part of this study. The hybrid and the second-

generation P. patula were planted as cuttings, while the P. patula control from the 

BSO were planted as seedlings. 

To generate the P. patula x P. tecunumanii hybrids, five second-generation P. 

patula clones were pollinated with a single-pollen source of P. tecunumanii low-
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elevation from Culmí, Honduras (Latitude 15⁰ 08’ N, Longitude 85⁰ 36’ W, Elevation 

450 - 900 m). The pollen source was selected entirely based on what was flowering 

at that time and did not represent any improvement or selection pressure at the 

family or individual tree level.   

The trial had a randomized complete block design with 48 treatments, of 

which only three treatments were used for this analysis, with three replicates and 7 x 

7 tree-square plots per treatment. One hundred and twenty seven trees of P. patula 

(BSO mix), 78 trees of P. patula (second-generation), and 115 trees of the P. patula 

x P. tecunumanii hybrid were analyzed in this trial.      

Sappi Pinus tecunumanii Trial 

The growth of P. tecunumanii was assessed in a Sappi P. tecunumanii 

progeny trial planted in June 1990 (Table 1-1).  Measurement data of 49 ten-tree line 

plots from 17-polymix families of P. tecunumanii LE from Culmí and 24 ten-tree line 

plots from eight families of unimproved P. patula from Usutu were assessed in this 

trial. Volume yield for P. tecunumanii and P. patula was measured at 7.3 years of 

age. As explained above, the volume yield difference in percentage between the two 

species in this trial was applied to the pine hybrid trial, obtaining an estimated 

volume yield for P. tecunumanii. This trial had a randomized complete block design, 

with 3 replicates and 10 tree-row plots per treatment for the two species.  

For clarity, hereafter these two trials will be referred to as a single one, the 

“Mondi Mahehle trial.” Information on the two trials at Sappi will be presented 

separately, and referred to as the “Sappi hybrid trial” and the “Sappi progeny trial.”    
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Volume Yield Calculations for All Trials 

Diameter at breast height (DBH at 1.3 m in cm) and height (H in m) of the 

trees were measured in all the trees of the trials at different ages. The Mondi 

Mahehle trial was measured at 9.5 years of age. The Sappi hybrid trial was 

measured seven times between years 5 and 11, while the Sappi progeny trial was 

measured at 7.3 years only. Individual tree volume was estimated using an equation 

developed by Ladrach (1986) for juvenile trees.  

Volume per tree = 0.00003 x DBH2 x Height          (1) 

Volume in m3/ha was estimated by multiplying volume per tree (equation 1) by 

the number of trees planted per ha, and by the percentage that had survived at the 

time of measurement. Comparisons between the individual tree volumes generated 

by this equation and those estimated with specific volume equations developed for 

several pine species provided very similar results.  

Optimal Rotation Age (ORA) and Net Present Value (NPV) at the Stand Level 

In order to calculate the NPV and the ORA at three discount rates (6%, 8% 

and 12%) in South African plantations, cost data as well as wood prices and growth 

curves were required for all the species. Plantation establishment, management, 

harvesting, and transportation costs were collected for the country as a whole1 

(Forestry Economic Services, 2010). Two more sets of costs for South African pine 

                                            
1 Information provided by Graham Rusk with Forestry Economic Services through Arnulf Kanzler with 
Sappi.  
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commercial plantations and research trials were used in the model.2 Wood prices for 

pulpwood and sawtimber were obtained from NCT Forestry Cooperative Limited in 

Pietermaritzburg, South Africa.3 The growth curves for Pinus patula and Pinus taeda 

were taken from Kotze et al. (2012). Because no growth and yield models have yet 

been published for P. tecunumanii, P. greggii, or the hybrids included in this project, 

the author has used his field experience and judgment to amend the available 

models for P. patula and P. taeda for these taxa. It was assumed that the growth 

curves of P. tecunumanii and P. greggii are relatively similar to P. patula, for which 

published growth models exist. Therefore, it was decided to adapt the same growth 

curve of P. patula for P. greggii, P. tecunumanii and their hybrids. Of the three 

species, P. tecunumanii, P. greggii and P. taeda, the first two exhibited rapid growth 

during the first 5 to 7 years of development. Around 8 to 10 years, the height growth 

of P. greggii slowed down at most locations, as did that of P. tecunumanii, at 

approximately 15 years of age. However, Pinus taeda exhibited a different pattern, 

showing slower growth in the early years and more pronounced growth in the later 

years (Figure 1- 7). The published growth curve for P. taeda in South Africa as well 

as the amended growth curve for P. tecunumanii were used for the hybrid between 

P. taeda x P. tecunumanii.  

For the species in the Mondi Mahehle trial, the volume yield at 9.5 years was 

used as the basis to make projections of volume growth at later ages, following the 

                                            
2 Information provided by Cassie Carstens and André van der Hoef with Cape Pine.  

3 Information provided by Craig Norris with NCT Forestry Cooperative Limited.   
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shape of the curve. At the Sappi trials, the volume yield projections were made using 

the average yield obtained in the four annual measurements between years 5 and 8 

in the Sappi hybrid trial and the Sappi progeny trial at 7.3 years.  

Details of the Growth and Yield Models for P. patula and P. taeda 

A brief description of the P. patula and P. taeda yield-tables will follow in the 

next two paragraphs, but more detailed information may be found in Kotze et al. 

(2012).  

The empirical stand-level growth models developed for P. patula and P. taeda 

to predict volume yield in South Africa are based on several variables, including 

dominant height, basal area, stems per ha, and age. Dominant height, basal area, 

and survival are modelled by different functions, and are mostly used in projection 

forms. The construction of these models was based on different data sources, 

including long-term trials used to measure responses of variables to thinning; 

permanent sample plots used to measure dominant height and DBH at different 

ages; and various inventories.  

Pinus patula and P. taeda grown for sawtimber in South Africa are 

traditionally planted at stand densities of 1111 trees per ha (3.0 m x 3.0 m), while the 

same species grown for pulpwood are mainly planted at 1667 trees per ha (2 m x 3 

m). The site index used for pine sawtimber stands was 20, which is the height in 

meters of the dominant trees at 20 years of age. This site index ranges from 15 m to 

35 m, with an average of 25 m.  
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The number of trees per ha planted in the Mondi Mahehle trial was 1111, 

which is the density used for sawtimber plantations in the country. For the analyses 

of the pulpwood regime, no adjustments for volume were made as a function of 

stand density, leaving the same volume measured in the trials for sawtimber and 

pulpwood. Because of this assumption, it could be expected that the results of this 

analyses would be more closely related to those of a sawtimber regime than those of 

a pulpwood regime. Even though some of the output values might change, the 

ranking of the different taxa in the trial should not vary.   

The stand density in the Sappi Usutu trials was 1370 trees per ha (2.7 m x 2.7 

m), which is an intermediate value between the traditional stocking used for both 

regimes. Therefore, the output values of the analysis in this case would be an 

intermediate estimate, equally close to the expected results for each one of the 

management regimes with different planting densities. 

The yield tables developed for sawtimber of P. patula and P. taeda in South 

Africa have two levels of utilizable wood volume, one with volume greater than 8 cm 

that should be used for pulpwood and another with volume greater than 18 cm that 

should be used for sawtimber. For the purposes of this study, it is assumed that only 

the size of the logs would be used as the main criteria to define the sawtimber 

utilization, and large logs, independent of age, would be purchased at the sawtimber 

market price. In wood studies conducted in South Africa with species like P. 

maximinoi and P. tecunumanii, it was been found that the wood properties of these 

species at 22 years of age are equally good as those of species like P. elliottii and P. 
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patula at 28 years of age (Personal information from Bill Dvorak). Assuming that 

pine hybrids can produce high-quality wood at early ages, the rotation length does 

not necessarily have to be as long as 28 years; it could be shorter. For illustration 

purposes, financial results for a 22-year rotation age of P. tecunumanii will be 

compared to results from a 28-year rotation age for the same species.  

Deterministic Financial Model at the Forest Level 

The optimal financial rotation age at the stand level obtained for the two 

regimes (pulpwood and sawtimber) at discount rates of 6%, 8%, and 12% for 

perpetuity was applied in the development of the tree-breeding model in Excel™. 

The tree-breeding model was run for each taxa at the forest level (regulated forest 

with the same annual planting and harvesting area). The model assesses the 

profitability of a tree-breeding program (TBP) and can be used as a practical tool to 

run different scenarios and do sensitivity analysis. It can also be run to estimate the 

commercial area to be planted every year by a tree grower to reach the break-even 

point for the investment in a tree-breeding program with pines. When this area is 

estimated for each taxa, two options are compared: a project without the investment 

in a TBP and a project with the investment in a TBP including genetic gains.  

The model covers all the cost components, including those incurred on 

intensive silviculture: site preparation, planting (planting, fertilizing, blanking or 

replanting), periodic stand treatments (weed control and pruning), harvesting 

(thinning and final cut), as well as transportation and management (protection and 

overhead). The pulpwood management regime does not include any thinning. In 
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addition to the operational costs, the model includes the research costs of the TBP. 

These costs cover the establishment, maintenance, measurement, evaluation, and 

administration of the field studies and the seed orchards.  

In regards to research, a fixed area of 20 ha for seed orchards was defined 

for controlled crosses in all varieties. The seed orchards were also to be used for 

commercial production of hybrid F2 seeds through open pollination. Hyun (1976), 

cited by Kain (2003), stated that in South Korea, the P. rigida x P. taeda outcrossed 

F2 hybrid, generated by crossing F1s from different seed sources, had performed at 

least as well as its F1 parents on average, and had lower population variance on 

favorable sites. Several authors (Powell and Nikles, 1996; Harding et al., 1996; cited 

by Kain, 2003) have said that for the P. elliottii x P. caribaea hybrid in South-East 

Queensland, Australia, outcrossed F2 progeny are typically almost indistinguishable 

from the F1, both visually and statistically, and have been used to successfully 

afforest an area of 12,500 ha (Nikles, 2000). For the purpose of this project, it was 

assumed that the pine hybrids would be grown from F2 seedlings and not from 

rooted cuttings. 

The model is flexible, and changes can be made to the strategy of the TBP. 

For calculations and illustration purposes in this document, the area covered by field 

trials is 86 ha in progeny trials and seed orchards for the first 20 years, and 56 ha 

thereafter. Included in the research costs are 50% of the research manager salary, 

the salary of a tree breeder, the salary of a technician, and three vehicles. The 

average total research cost per year was approximately U.S. $260,000. As part of 
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the research costs, U.S. $36,000 per year were included for the membership to a 

cooperative program like Camcore. The other 50% of the research manager salary 

was supposed to be assigned to other research activities on silviculture and disease 

management.     

With a very intensive field-testing program such as that proposed in the 

model, genetic gains of 15% in volume productivity every 10 years were included for 

all the varieties, starting with plantations established 11 years after the beginning of 

the project. The tree-breeding program started with the establishment of four 

provenance/progeny trials per year for the first three years, providing improved 

seeds after their first assessment at eight years of age. It was also assumed that the 

establishment of seed orchards started at year 12, when the best selected families 

and individuals from provenance/progeny trials and commercial plantations are 

available. The seed orchard is replaced at year 36 with new material obtained in the 

tree-breeding program. Revenues from pulpwood (U.S.$39.42/m3) and sawtimber 

(U.S.$78.84/m3) sales at the mill gate were the income used in the model.   

The profitability of the tree-breeding program was determined through 

calculation of the net present value (NPV) at discount rates of 6% and 8% over a 

time horizon of four rotations (similar to perpetuity). Internal rate of return (IRR) was 

also calculated for each individual project. As opposed to the NPV, the IRR in this 

model should not be used as a financial criterion to choose between different taxa 

(projects) because of the different magnitude of investments. The minimum area 
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required to justify the investment on the tree breeding program (i.e., the breakeven 

point) was calculated for each taxa.  

Stochastic Financial Model at the Forest Level 

The @RISK 6 software in Excel™ by Palisade Corporation (2014) was used 

to add stochasticity to the model. The utilization of probability distribution functions 

(PDF) and their parameters for uncertain inputs show the chances of obtaining 

outputs within certain values. The software uses Montecarlo simulation (MS) with 

iterations varying between 1,000 and 10,000 per simulation as defined by the user.  

MS is a computerized mathematical technique that allows people to account for risk 

in quantitative analysis and decision-making. MS furnishes the decision-maker with 

a range of possible outcomes and the probabilities they will occur for any choice of 

action (Palisade Corporation, 2014). Sensitivity analysis was made with the 

probabilistic tool. 

The @Risk software™ was used in this project to assess the effects on NPV of 

uncertainty in several inputs (sawtimber and pulpwood prices, harvesting cost, 

transportation cost, planting costs, and currency exchange rates), using a triangular 

PDF within a range of variation of ±10% between the minimum and the maximum 

values for the input variable. The parameters are values that describe the PDF, such 

as its central location, its variability, and its shape (the minimum value, the most 

likely value, and the maximum value). No values below the minimum or above the 

maximum are possible. Because this is a South African case study, all the costs and 

prices were collected in rands, the local currency in South Africa. The financial 
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calculations were made in U.S. dollars with the average exchange rate for the period 

2006–2012, which was $7.61 rands/dollar (Board of Governors of the Federal 

Reserve System, 2014). 

Results and Discussion 

Growth and Yield 

Mondi Mahehle Trial 

In the Mondi Mahehle trial, DBH and height were measured at 9.5 years of 

age for all the taxa, including the second-generation Pinus taeda.  Volume was 

calculated, and the ANOVA procedure (SAS 9.3™) was used to compare volume 

yield among taxa. Significant differences at the p=0.01 level were found between the 

two hybrids and the pure species. The Pinus greggii x Pinus tecunumanii hybrid had 

20% greater volume than the unimproved P. greggii, but it was 27% below the 

improved P. greggii and 13% below the second-generation P. patula. The 

comparison with improved P. patula is for illustration purposes as a point of 

reference, since this is the species that has been mainly planted commercially in the 

area. The volume of pure P. tecunumanii was 39% less than that of the P. greggii x 

P. tecunumanii hybrid.  The P. taeda x P. tecunumanii hybrid was 19% superior to P. 

tecunumanii, the better performer of the two species in the cross and 39% greater 

than pure P. taeda. The volume yield of the P. taeda x P. tecunumanii was 16% 

below the volume yield of P. greggii x P. tecunumanii (Figure 1-3).  

The performance of the P. greggii x P. tecunumanii hybrid may be compared 

to that of the improved or the unimproved P. greggii. Considering that the hybrid 
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crosses of P. greggii x P. tecunumanii were made on improved mother trees of P. 

greggii (first-generation orchard mix), it makes more sense to compare the hybrid 

results with those of the improved P. greggii than with those of the unimproved P. 

greggii. As mentioned above, the volume yield of this hybrid was superior to the P. 

tecunumanii control. In this particular case, we see that the growth of this hybrid is 

intermediate between the pure species.  

Results of volume growth for the P. taeda x P. tecunumanii hybrid are 

different than in the previous case, with the controls of both parents in the trial 

having lower volume than the hybrid. The P. taeda mother trees used to produce the 

hybrids were located in a second-generation orchard, and the pollen of P. 

tecunumanii was from unimproved male trees. The genetic quality of the pure 

species in the trial was comparable to the genetic quality of the hybrid, with a 

second-generation P. taeda control and an unimproved P. tecunumanii control. In 

this latter case, in which the environmental conditions were the same, statistically 

significant differences among the taxa existed; the genetic material was similar, the 

results suggested, but did not prove, that hybrid vigor was present. This was 

because the genetic material used for the hybrid cross was not the same as that 

used for the pure species tested in the trial. An ideal trial designed to answer this 

question would include seedlings from the same parents used for the hybrid crosses. 

Evidence of hybrid vigor for growth has been reported for P. elliottii x P. caribaea in 

Australia, where it grows better than both parents on several sites in Queensland 

(Nikles, 2000) and has also been observed in the P. patula x P. tecunumanii 
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(dependent on the specific cross) (Kanzler et al. 2014) and P. patula x P. greggii 

hybrids (Personal observation Dvorak). A volume difference close to 40% between 

pure P. taeda and the P. taeda x P. tecunumanii hybrid is difficult to explain unless 

hybrid vigor had influenced productivity. Temperature and precipitation at the site of 

the study were favorable to P. greggii, which could explain the strong growth of the 

species and its hybrid with P. tecunumanii. Environmental conditions may not have 

been ideal for either P. tecunumanii or P. taeda, which makes the performance of 

their hybrid more surprising, with a higher growth than that of unimproved P. greggii. 

The genetic material of P. tecunumanii (HE) in the trial, originally from Rio Chiquito, 

El Salvador, exhibited below-average performance (-3.4%) compared to all the high-

elevation provenances tested in South Africa (Hodge and Dvorak, 2012). The growth 

of Pinus tecunumanii was better than P. taeda at 9.5 years of age, which should be 

expected at this site.     

The values for survival and growth of the different taxa in the study reflected 

their level of adaptability to the site. Survival at 9.5 years ranged from 83% for P. 

greggii x P. tecunumanii and 97% for P. taeda. Tree growers should take notice of 

the strong potential of the P. greggii x P. tecunumanii hybrid for commercial 

plantations on these kinds of sites. In addition to its rapid growth, the P. tecunumanii 

also brings pitch canker resistance to the hybrid, compensating for the susceptibility 

of P. greggii to the disease (Hodge and Dvorak, 2000). Pinus greggii should provide 

the hybrid with the frost resistance and to a lesser extent the drought hardiness that 

P. tecunumanii does not have. Furthermore, as will be seen in chapter two, this 
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hybrid has excellent wood and pulp characteristics that make it very desirable for the 

pulp and paper industry. 

 

 
Figure 1-3. Volume yield at 9.5 years of age for two hybrids and their parental 

species in Mondi Mahehle trial.  

  

Sappi Usutu Trials  

The pine hybrid of P. patula x P. tecunumanii assessed in the Sappi Usutu 

trial showed a volume growth very close to the P. patula second-generation control, 

while it was 51% superior to the P. patula control from the BSO mix (Figure 1-4). 

Because the mother trees used for crosses of the hybrid seed production were 

second-generation clones, the results should be compared to the growth of the P. 

patula second-generation control. Volume yield for the hybrid at 11 years of age was 

approximately 39% greater than volume yield for P. tecunumanii. Survival was 78% 

for the hybrid but 80% for P. patula. The volume yield of P. tecunumanii at 11 years 
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of age in the Sappi hybrid trial, as mentioned earlier, was extrapolated from 

measurement data at 7.3 years in the Sappi P. tecunumanii progeny trial with similar 

environmental conditions and P. patula as the control. In this case, the hybrid had a 

very similar growth to the growth of the best of the parents, P. patula second-

generation, and better growth than the P. patula from the BSO.  The P. tecunumanii 

progeny trial at Usutu was located at an elevation of 1040 meters, which is a better 

site for P. patula growth and explains in part the lower performance of P. 

tecunumanii. In a sister trial of this series established by Sappi in a warmer site at 

820 meters, P. tecunumanii was at low elevation (including Culmí) a much better 

grower than P. patula (Sappi Forest Research Internal Document, 1996).      

Pinus patula x P. tecunumanii LE has been tested in other places in South 

Africa. The mean tree volume (m3) of a series of trials planted on six sites over a 

large range in elevation by Sappi showed that this hybrid was more productive 

across all sites and that the average growth improvement over P. patula was 46% at 

four years (Kanzler and Nel, 2014). The faster growth of the hybrid, together with the 

pitch canker resistance of P. tecunumanii (particularly low-elevation sources), have 

been the two main drivers behind the replacement of a significant portion of the P. 

patula commercial plantations with the hybrid in the country (Mitchell et al., 2011).  
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Figure 1-4. Volume yield at 11-years of age for the P. patula x P. tecunumanii hybrid 
and their parental species in the Sappi Usutu hybrid trial.  

 

In addition to the 11-year measurements taken in the trial described above, 

data for growth were taken at the ages of 5, 6, 7, 8, 9, and 10 years. Projections of 

growth curves for pulpwood production were based on the growth percentage 

average deviations between measured pulpwood volume at these ages and 

pulpwood volume taken from the growth model developed for P. patula in South 

Africa in the same years. A similar procedure was followed for the pulpwood growth 

curves of species in the Mondi Mahehle trial based on the 9.5-year measurements 

and the growth models illustrated for P. taeda and P. patula by Kotze et al. (2012).  

See Figures 1-5, 1-6 and 1-7.   

As illustrated for the pulpwood management regime, projections for 

sawtimber were also developed for all the species in the trials based on field 

measurements and the published growth and yield curves for P. patula and P. taeda 

(Kotze et al., 2012) (Figures 1-8, 1-9, and 1-10).      
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Figure 1-5. Growth curves of the three taxa in the Sappi hybrid trial projected from 

the annual measurement data and the models developed for P. patula 
under a pulpwood management regime in South Africa by Kotze et al. 
(2012). 

 

Although the ideal projections for all the taxa should be based on models 

developed for these pines and hybrids, the models developed here should not be 

very far from reality; they are expected to represent a reasonable simulation of the 

growth curves.  
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Figure 1-6. Growth curves of three taxa in the Mondi Mahehle trial projected from the 

annual measurement data and the models developed for P. patula under a 
pulpwood management regime in South Africa by Kotze et al. (2012). 

 

As shown in Figure 1-7, the growth of P. taeda is slower than that of P. 

tecunumanii before 13 years of age, but faster after that point in time. This has 

implications for the optimal financial rotation age that will be discussed later. The fact 

that the shape of the curves for the two species is very different raises a question 

about the shape of the curve for the hybrid. It is possible for the hybrid growth curve 

to take an intermediate shape between the two parent species or to be more similar 

to the curve of one of them. In this case, projections of volume growth for the hybrid 

were made following the shapes of both pure species, showing two possible options 

(Figure 1-7). A similar situation is shown when growth projections are made under a 

sawtimber management regime for this hybrid (Figure 1-10). Growth projections for 

P. greggii, P. tecunumanii, P. patula x P. tecunumanii, and P. greggii x P. 
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Figure 1-7. Growth curves of four taxa in the Mondi Mahehle trial projected from the 

annual measurement data and the models developed for P. taeda under a 
pulpwood management regime in South Africa by Kotze et al. (2012).  

 
 

 

 
Figure 1-8. Growth curves of three taxa in the Sappi Usutu trials projected from the 

annual measurement data and the models developed for P. patula under a 
sawtimber management regime in South Africa by Kotze et al. (2012).  
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Figure 1-9. Growth curves of three taxa in the Mondi Mahehle trial projected from the 
annual measurement data and the models developed for P. patula under a 
sawtimber management regime in South Africa by Kotze et al. (2012).  

 
 

 
Figure 1-10. Growth curves of four taxa in the Mondi Mahehle trial projected from the 

annual measurement data and the models developed for P. taeda under a 
sawtimber management regime in South Africa by Kotze et al. (2012).  
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tecunumanii under pulpwood and sawtimber management regimes exhibited similar 

curves to those of P. patula from which they were derived. 

ORA and NPV at the stand level  

The previous set of curves, the establishment and management costs at the 

stand level, and the pulpwood and sawtimber prices were the basis used to calculate 

the NPV and the financial ORAs for all the hybrids in both trials at discount rates of 

6%, 8% for pulpwood and sawtimber, and 12% for pulpwood. The NPV was 

calculated for an infinite series of rotations. In this case, it is not possible to call this 

criteria the “soil expected value” as defined by Faustmann (1849, cited by De la 

Torre, 2007) because the wood prices are paid at the pulp mill gate (not stumpage 

value), and the harvesting and transportation costs are included in the analysis. For 

the purpose of illustration in Tables 1-2, 1-3, and 1-4, the calculations were made 

with hauling costs at 50 km from the pulp mill.  

From the tables we observe several important differences among values. 

Because higher discount rates penalize delayed income, optimal rotations are 

always shorter with these rates.  For both regimes, pulpwood and sawtimber, the 

value of the NPV was very sensitive to the 2% difference in discount rate (6% and 

8%), showing large differences in most of the cases.   
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Table 1-2. Net present value (NPV), internal rate of return (IRR), and optimal rotation 
age (ORA) for ten taxa of pines grown on two sites for pulpwood and 
sawtimber at 6% discount rate in South Africa.   

Trial Taxon 

Optimal Rotation Age NPV (6%)* IRR (%)* 

Pulpwood 
(PW) 

Sawtimber 
(ST) PW ST PW ST 

Usutu - Sappi Patula OP BSO mix 14 17 
   

(1,131) 6,540 3.3 14.7 

 Patula 2nd gen 14 17 982 10,424 7.9 17.2 

 Pat x Tec 14 17    577 8,555 7.1 16.4 

 Tec  14 17 (2,323) 3,916 (0.5) 12.1 

        

Mahehle - 
Mondi Commercial Greggii 14 17 1,960 15,692 9.4 20.2 

 Improved Greggii 13 17 6,508 23,336 15.3 22.7 

 Gre x Tec 14 17 3,424 19,791 11.4 22.2 

 Tec 14 17 961 12,915 7.8 18.6 

 Taeda 16 17 1,606 13,994 8.6 18.7 

 Tae x Tec (from Tae) 16 17 4,323 21,525 11.7 22.2 

 Tae x Tec (from Tec) 14 17 2,173 15,893 9.7 20.2 

 Tec  14 17 961 12,915 7.8 18.6 

 

 

It appears that the ORA for sawtimber, 17 years, is the same for most of the 

taxa, while it is different for pulpwood, as seen in Tables 1-2 and 1-3. Actually, there 

is still a difference in the optimal rotation length of weeks or months for sawtimber, 

which is not operationally relevant. The main difference between the two 

management regimes is that the price of the wood is twice as much for sawtimber as 

for pulpwood; this takes into account the revenues generated by the two thinnings at 

the 8th and the 13th years of age. The large increase of revenues over costs has a 

large effect on the net income that minimizes the impact of the difference between 

discount rates. 
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Table 1-3. Net present value (NPV), internal rate of return (IRR), and optimal rotation 
age (ORA) for ten taxa of pines grown on two sites for pulpwood and 
sawtimber at 8% discount rate in South Africa.  

Trial Taxon 
Optimal Rotation Age NPV (8%)* IRR (%)* 

Pulpwood 
(PW) 

Sawtimber 
(ST) PW ST PW ST 

Usutu - Sappi Patula OP BSO mix 14 17 
   

(1,429) 3,570  3.3 14.7 

 Patula 2nd gen  13 17 (30) 6,005 7.9 17.2 

 Pat x Tec 13 17    (298) 4,869 7.1 16.4 

 Tec  14 17 (2,205) 1,881 (0.5) 12.1 

        

Mahehle - 
Mondi Commercial Greggii 12 17 632   9,386  9.8 20.2 

 Improved Greggii 12 17 3,702 14,178 16.0 22.7 

 Gre x Tec 12 17 1,626  12,039 12.1 22.2 

 Tec 12 17  (46) 7,588  7.9 18.6 

 Taeda 16 17      251    8,213 8.6 18.7 

 Tae x Tec (from 
Tae) 16 17 1,977 13,058  11.7 22.2 

 Tae x Tec (from 
Tec) 12 17 777   9,504 10.1 20.2 

 Tec  12 17  (46)   7,588 7.9 18.6 

 

 

Because of the different environmental conditions of the genetic trials at 

Mondi Mahehle and Sappi Usutu, and the different number of trees per ha planted, 

the results depicted in Tables 1-2, 1-3, and 1-4 for the species of one trial should not 

be compared to the results of the other trial. Only the hybrids within the same trial 

should be compared to each other.  
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Table 1-4. Net present value (NPV), internal rate of return (IRR), and optimal rotation 
age (ORA) for ten taxa of pines grown on two sites for pulpwood at 12% 
discount rate in South Africa.    

Trial Taxon 
Optimal 

Rotation Age  
NPV (12%) 

            IRR 
(%) 

 

Usutu - Sappi Patula OP BSO mix 12 (1,592) 2.6 

 Patula 2nd gen  12 (840) 7.9 

 Pat x Tec 12 (984) 7.0 

 Tec  12 (2,488) (1.9) 

     

Mahehle - Mondi Commercial Greggii 12 (492) 9.8 

 Improved Greggii 10 1,526 18.1 

 Gre x Tec 12 29 12.1 

 Tec 12 (847) 7.9 

 Taeda 14 (848) 8.4 

 Tae x Tec (from Tae) 14 14 12.1 

 Tae x Tec (from Tec) 12 (416) 10.1 

 Tec  12 (847) 7.9 

       

 

Even though the growth of P. greggii x P. tecunumanii was greater than that 

of P. taeda x P. tecunumanii at 9.5 years of age (Figure 1-3), the NPV was greater 

for the latter when projections were made assuming a curve similar to that of the P. 

taeda.  The faster growth rate at later ages of the P. taeda x P. tecunumanii hybrid 

makes it financially desirable for longer rotations. This does not happen when growth 

projections for the P. taeda x P. tecunumanii are made based on the long-term 

growth of P. tecunumanii.  

A similar situation occurs with P. tecunumanii and P. taeda as pure species. 

At 9.5 years of age (Figure 1-3), P. tecunumanii exhibited 17% superior volume 

(m3/ha) to P. taeda. Working with the optimal rotation age and the growth 

projections, the net present value was greater for P. taeda. The P. tecunumanii 
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provenance Rio Chiquito from Salvador used as control in this Mondi Mahehle trial 

has been reported as a below average source for growth in South Africa (Hodge and 

Dvorak, 2012). High-elevation sources of the species, like San Jeronimo in 

Guatemala, would bring much better volume growth than the Rio Chiquito 

provenance and would be more competitive against P. taeda.   

Calculated optimal rotation lengths varied between 12 and 16 years for 

pulpwood and 16 and 17 years for sawtimber for all the taxa, which appears very 

short when compared to the actual rotation lengths managed for pines in South 

Africa. The actual rotation lengths for pulpwood range from 17 to 20 years, while the 

rotation lengths for sawtimber range from 25 to 28 years. As explained previously in 

the materials and methods section of this document, it was assumed that the size of 

the tree was the only criterion for the sawtimber analyses, not the wood properties. 

However, some adjustment to shorten rotation age for sawtimber regimes most likely 

needs to be made with the faster-growing taxa. The average growth of commercial 

plantations is usually lower than the MAI of these trials, pushing the rotation length 

later.  

Cost increases in the model decrease profitability and increase the optimal 

rotation length, which is the case when hauling costs increase from 50 to 100 km 

distances. Outcome figures for 100 km distance from the pulp mill are not illustrated 

here, but they were tested in the model.  
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Deterministic Tree-breeding Model at the Forest Level 

The results after running the model for every taxa show the minimum area of 

commercial plantations that the tree grower has to establish every year in order to 

achieve the break-even point of the investment in the tree-breeding program. Tables 

1-5 and 1-6 depict the minimum annual planting area (MAPA) required to justify the 

investment in the TBP for pulpwood and sawtimber production at discount rates of 

6% and 8% and a distance of 50 km from the pulp mill. The forest investment is to 

perpetuity, and the ORA determined to the stand level was used for calculation at 

the forest level. The forest is a regulated forest with a uniform area that is planted 

and harvested every year. Profitability at the break-even point for both regimes is 

very consistent, with the genetically improved taxa, the pine hybrids, and the Pinus 

greggii always in the first places of the ranking, while P. taeda and P. tecunumanii 

were always in the sixth and seventh positions. These results are consistent with 

those found at the stand level when the ORA was determined, as depicted in Tables 

1-2 and 1-3.   

The MAPA required under the pulpwood management regime is always much 

larger than the minimum area to be planted annually under the sawtimber regime, 

and the NPV is always smaller for all the taxa at the two discount rates. With a large 

difference in the price of the wood, which in this case is twice as much for sawtimber 

than for pulpwood, the difference in NPV should be expected. The less profitable the 

plantation forestry project, the larger the area required to justify the investment in a 
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TBP. The MAPA is also always larger for both regimes when the discount rate is 8% 

as opposed to 6%.  

 

Table 1-5. Minimum annual planting area (MAPA) in commercial plantations to justify 
the economic investment in a tree-breeding program at a discount rate of 
6% (Taxa at the Mondi Mahehle trial). 

Taxon Rotation 
age ST 
(years) 

MAPA for 
sawtimber 
(has) 

NPV total 
forest ST 
(million 
US$) 

IRR 
(%) 

 Rotation 
age PW 
(years) 

MAPA 
for 
pulpwoo
d (has) 

NPV total 
forest PW 
(million 
US$) 

IRR 
(%) 

Tae x tec 
from tae 

17 1,128 223.6 17.2  16 2,775 118.6 10.4 

Gre x tec 17 1,142 220.2 17.8  14 2,332 72.6 10.0 

Commercial 
Greggii  

17 1,366 207.3 16.5  14 3,544 90.8 9.6 

Improved 
Greggii 

17 896 234.0 19.6  14 2,327 154.2 13.2 

Tae x tec 
from tec 

17 1,376 207.8 16.2  14 3,443 67.0 8.8 

Taeda 17 1,568 198.4 15.1  16 3,867 58.4 7.9 

Tecunumanii 17 1,575 195.4 15.4  14 4,095 33.0 7.3 

 

 

Table 1-6. Minimum annual planting area (MAPA) in commercial plantations to justify 
the economic investment in a tree-breeding program at a discount rate of 
8% (Taxa at the Mondi Mahehle trial). 

Taxon Rotation 
age ST 
(years) 

MAPA for 
sawtimber 
(has) 

NPV total 
forest ST 
(million 
US$) 

IRR 
(%) 

 Rotation 
age PW 
(years) 

MAPA for 
pulpwood 
(has) 

NPV total 
forest PW 
(million 
US$) 

IRR 
(%) 

Tae x tec from 
tae 

17 1,722 188.2 18.1  16 4,236 76.9 11.0 

Gre x tec 17 1,728 185.7 19.2  12 4,145 52.9 11.2 

Commercial 
Greggii 

17 2,068 172.1 17.7  12 4,952 23.8 9.3 

Improved 
Greggii 

17 1,356 200.5 21.2  12 3,266 84.6 13.7 

Tae x tec from 
tec 

17 2,090 172.0 17.4  12 3,476 20.8 9.5 

Taeda 17 2,390 161.2 16.1  16 5,905 11.7 8.4 

Tecunumanii 17 2,385 159.4 16.5  13 3,197 -1.9 7.9 
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The MAPA under the sawtimber management regime is relatively similar 

among the different taxa and the same discount rate. In this particular case, the 

sensitivity of the MAPA to the 2% change in the discount rate was 51%. In other 

words, a change from 6% to 8% in the discount rate under the sawtimber regime 

brought a 51% increase in the minimum annual planting area for all the varieties. 

The NPV decreased 17% on average for all the varieties when the discount rate 

went from 6% to 8%. Based on what was stated in the materials and methods 

section in regards to the possibility to reduce the rotation length for sawtimber from 

28 to 22 years in some species with great wood properties, the results of an 

additional analysis for P. tecunumanii are depicted in Table 1-7. 

 

Table 1-7. Comparison of profitability at break-even point for P. tecunumanii at two 
rotation ages for sawtimber production.  

 
Rotation Age (years) MAPA (ha) at Break-even point NPV ($million) @ 6% DR 

22 1020 111.6 

28 1187 104.9 

 

 

The MAPA was greater for the 28-year rotation, with a lower profitability than 

the 22-year rotation. When the MAPA was the same for both rotation ages, the 

difference in NPV increased, showing a more profitable short rotation at 22 years. 

For example, if the MAPA is set at 1020 ha, the difference between the NPV 

increases from $6.7 million to $28.9 million (NPV at 22 years = $111.6 million – NPV 
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at 28 years $82.7 million). When the MAPA is set at 1187 ha, the difference in NPV 

goes up to $32.8 million. The large difference in profitability between the two rotation 

lengths shows the importance of planting species like P. tecunumanii and P. 

maximinoi,, which have great wood properties for sawtimber and can be harvested 

at earlier ages.   

As mentioned in the materials and methods section, F2 seedlings and not 

rooted cuttings were assumed for the pine hybrids in the financial analysis. The 

production cost of rooted cuttings in South Africa is twice as high as the cost of 

seedlings, going from $0.9 rands per seedling to $1.8 rands per cutting (personal 

communication from André van der Hoef, Cape Pine). In order to quantify the effect 

of using seedling cuttings from vegetative propagation, instead of seedlings from  

 

Table 1-8. Relative effect of propagation method used for pine hybrids between a 
very profitable project and a less profitable project.  

 
NPV (6%) Sawtimber Regime   

(million US$) 
NPV (8%) Pulpwood Regime  (million 

US$) 

Taxon Seedlings Cuttings Seedlings Cuttings 

Improved Greggii 234.0 - 84.6 - 

Tae x tec from tae 223.6 221.1 76.9 66.5 

Gre x tec 220.2 217.7 52.9 42.8 

Commercial Greggii 207.3 - 23.8 - 

Tae x tec from tec 207.8 204.8 20.8 12.2 

Taeda 198.4 - 11.7 - 

Tecunumanii 195.4 - -1.9 - 

 



 

37 

seeds, on the profitability and the position of hybrids over pure species, the value of 

rooted cuttings was used in the model.  The results of this assessment are illustrated 

in Table 1-8. 

Planting seedlings versus rooted cuttings of pine hybrids in commercial plantations 

may have a large impact on the profitability of a project. The impact on projects with 

low financial return might be much larger than the impact on more profitable 

projects. In the previous example, one observes that the relative change of the NPV 

for the pulpwood project with a discount rate of 8% was greater than the relative 

change on the NPV for the sawtimber project at a 6% discount rate. In none of the 

projects was there change in the ranking of hybrids versus pure species, but the 

economic advantage of the hybrids was reduced significantly.  

So far in this study, the assumption has been that the TBP with pine hybrids 

has the same cost of a TBP with pure species. Another possible scenario when 

working with pine hybrids might be that the tree-breeding program is more expensive 

because improving the two parents should require more research effort and cost 

than working with one species. Assuming that this is true, a new scenario with 50% 

additional costs was analyzed, with the results presented in Tables 1-9 and 1-10. In 

this case, seedlings’ costs but not cuttings were included in the analysis for the two 

management regimes.    
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Table 1-9. Results of the analysis for a pine hybrid tree-breeding program with 50% 
additional annual costs under a sawtimber management regime at rate 
discounted 6%. 

 

Sawtimber Management Regime - NPV 6% (million US$) 

Taxon 
NPV (6%) No 

additional TB Costs 
NPV (6%) with 50% 
additional TB Costs 

Increase in MAPA to the 
new break-even point (has) 

Tae x tec from tae 223.6 333.8 556 

Gre x tec 220.2 328.7 563 

Commercial Greggii 207.3 - - 

Improved Greggii 234.0 - - 

Tae x tec from tec 207.8 310.1 678 

Taeda 198.4 - - 

Tecunumanii 195.4 - - 

 

 

When additional costs are necessary to develop a TBP with hybrids, the 

forestry projects require more commercial areas to be planted annually in order to 

reach the break-even point for the TBP. Because the capital investment is larger, the 

NPV is also larger, as depicted in Tables 1-9 and 1-10. For profitable projects under 

the sawtimber management regime (Table 1-9), the increase of the MAPA is lower 

than for less profitable projects under the pulpwood management regime (Table 1-

10).  

There is a linear relationship between the cost increase, the additional area, 

and the change in the NPV at the break-even point, as illustrated in Tables 1-9 and 

1-10. When the total annual planting area for all the taxa was set at 2,054 ha, which 

was the required area for P. taeda x P. tecunumanii (from P. tecunumanii) at the 

break-even point when the cost of the TBP was increased by 50%, the ranking of the 
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taxa for sawtimber by NPV at 6% discount rate is shown in Table 1-11. The TBP 

with this annual planting area is profitable for all the taxa. 

 

Table 1-10. Results of the analysis for a pine hybrid tree breeding program with 50% 
additional annual costs under a pulpwood management regime at 8% 
discount rate. 

 
Pulpwood Management Regime - NPV 8% (million US$) 

Taxon 
NPV (8%) No 

additional TB Costs 
NPV (8%) with 50% 
additional TB Costs 

Increase in MAPA to the new 
break-even point (has) 

Tae x tec from tae 76.9 114.7 2,084 

Gre x tec 52.9 78.9 2,033 

Commercial Greggii 23.8 - - 

Improved Greggii 84.6 - - 

Tae x tec from tec 20.8 30.9 1,706 

Taeda 11.7 - - 

Tecunumanii -1.9 - - 

 

 

Ignoring market effects, as long as pine hybrids have a greater volume growth 

than pure species, there is always the possibility to make profits by increasing the 

commercial planting area, even if the tree breeding costs of hybrids are higher than 

those of the pure species.  

The Excel™ model described in this chapter is a practical tool that can be 

used to make quick assessments for Camcore members or other forest companies 

with pine plantations. Even though there is room for improvement, the model is 

flexible and can be used to measure profitability of forest projects with and without 
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Table 1-11. Ranking of the taxa for a sawtimber management regime when the 
MAPA is set at 2054 ha and the tree-breeding costs are increased by 
50%.            

Taxon 
NPV (6%) with 50% additional TB Costs 

(million US$) 

P. taeda x tecunumanii (from P. taeda) 420.8 

P. greggii x P. tecunumanii  408.7 

Commercial P. greggii 332.7 

P. taeda x P. tecunumanii (from P. tecunumanii) 310.1 

P. taeda  272.8 

P. tecunumanii 267.5 

 

 

tree-breeding programs under different scenarios; the model allows the user to 

change the values of several variables at the same time. Wood prices, exchange 

rates, discount rates, transportation costs, harvesting costs, management and 

operational costs, growth curves, research costs, genetic gains, and uncertainty (as 

shown in the following point) are the main values that can be managed in the model.         

Stochastic Approach with @RiskTM (Montecarlo Simulation) 

The deterministic approach used in the previous model uses fixed values for 

the variables as inputs and draws outputs with fixed values also. Even though this 

approach might be realistic for project assessments, a more complete method would 

include the uncertainty or possible variation in the value of the inputs. Activities in 

site preparation, planting, management, harvesting, and transportation can generate 

uncertainty in the operational costs. Not only costs, but also wood prices and 

currency exchange rates can vary within a probability distribution function (PDF). 
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The incorporation of these uncertainties with their PDF in the model would probably 

generate more realistic outputs, varying within a range of values and probabilities.  

In this study, a sensitivity analysis was made using a triangular distribution 

function with minimum and maximum values varying ±10% with respect to the mean. 

This exercise is used for the P. greggii x P. tecunumanii hybrid when managed for 

sawtimber at an 8% discount rate and for P. taeda when managed for pulpwood 

production at the same discount rate. The purpose is the comparison of a profitable 

versus a less profitable choice of species with different levels of financial risk.            

Several input variables were included in the sensitivity analyses with variation of 

their value by ±10%. The input variables considered were planting, harvesting, 

transportation, wood prices, and currency exchange rates.     

P. greggii x P. tecunumanii for Sawtimber at 8% Discount Rate 

Having run the simulation with 5,000 iterations, the impact assessment on the 

NPV (8%) generated by the uncertainty in the input variables are illustrated in Figure 

1-11.  

In Figure 1-11, it is observed that the NPV at a discount rate of 8% will always 

be positive, with 100% probability that the value will vary between $133.42 and 

$244.09 million. This outcome suggests that the investor should be willing to invest 

funds in this project because it is financially safe and will obtain the expected return. 

In this simulation with 5000 iterations, the mean NPV was $186.09 million.  
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Figure 1-11. Range of possible outcomes for the NPV (8%) and the probabilities that 

they will occur for a sawtimber management project with P. greggii x P. 
tecunumanii, when the uncertain input variables have a variation of ±10% 
and a triangular probability distribution function. 

 

The following graphs illustrate the effect that a variation of ±10% in the value 

of several input variables has on the net present value of the project. As depicted in 

Figures 1-12 and 13, the NPV is very sensitive to the dispersion of the sawtimber 

price and the exchange rate. A small variation of ±10% in the sawtimber price within 

a range of probabilities (triangular PDF with mean $78.84/m3, minimum $70.96/m3 

and maximum $86.72/ m3), causes a high dispersion of the NPV at 8% discount 

rate. 

Some changes in wood prices might be expected in the South African market; 

eventually, a variation of 10% in the sawtimber price might happen with a large 

impact on the NPV, as shown in the previous exercise. A 10% change in the price of 

wood and the currency exchange rate, in which the sensitivity was the greatest, is a 
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Figure 1-12. Tornado graph illustrating 
the sensitivity of the NPV (8%) 
to the uncertainty of the input 
variables in the tecunumanii 
plantation project. 

Figure 1-13. Line graph showing the 
sensitivity of the NPV (8%) to 
the uncertainty of the input 
variables in the P. greggii x P. 
tecunumanii plantation 
project. 

 

conservative hypothetical. Changes of 50% in any of these two uncertain variables, 

which are possible, might have a huge impact on the profitability of a forestry 

business. Variation or dispersion is a measure of risk, which can be positive or 

negative. 

The variation of value in the national currency may have a very high impact 

for tree growers selling their products to other countries. The historic exchange rate 

for the period considered in this analysis (2006–2012), with a mean value of $7.61 

rands/dollar, had an average variation of only 4%. This figure implies a low financial 

risk for the project.  However, the devaluation of the rand as compared to the U.S. 

dollar was 13% in 2012 and 18% in 2013. If the tree growers are exporters of 

sawtimber (or other products in which they use wood as a raw material like pulp or 

lumber), the devaluation of their currency ($ rands) makes them more competitive in 
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the international market. Selling their products in U.S. dollars makes the growers 

more profitable because they buy more rands per dollar. Furthermore, the South 

African exporters might become more competitive in the domestic market, if they do 

in fact sell their products in this market, because with a weaker currency, imports of 

the same products into South Africa is more expensive for local sawtimber buyers. 

Using the results from all 10,000 runs of MC simulation, correlation 

coefficients between NPV and all the input variables were calculated. In general, 

NPV was much more sensitive to product prices and currency exchange rates, 

which are the most uncertain variables, than to production and transport costs (see 

Figures 1-12 and 1-13). In Figure 1-14, the correlation coefficients between the 

sawtimber price and the exchange rate with the NPV (8%) are 0.80 and -0.55 

respectively, while the correlation coefficient of the NPV with other input variables 

like planting, transportation, and harvesting cost varied between -0.08 and 0.01.  

     

           

Figure 1-14. Spearman rank correlation coefficient between uncertain input variables 
and the NPV (8%) of the sawtimber P. greggii x P. tecunumanii project. 
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P. taeda for Pulpwood at 8% Discount Rate 

A less profitable investment in a commercial plantation forestry project was 

analyzed the same way as the previous pine hybrid, also at a discount rate of 8%; P. 

taeda pulpwood production was analyzed under the same environmental conditions 

of the Mondi trial. As shown in the results section of this chapter, P. taeda had 

slower growth than P. greggii x P. tecunumanii, and the profitability for pulpwood 

was much lower than the profitability for sawtimber. 

The range of NPV (8%) in this investment project varied between -$42.25 and 

$76.75 million. In this simulation with 5000 iterations, the mean NPV was $11.87 

million. The probability that the NPV (8%) would be negative was 30.8%, as seen in 

Figure 1-15. A project that seemed to be very profitable when assessed with the 

deterministic model, with a NPV (8%) of $11.7 million (Table 1-5), turned into a 

highly risky project when uncertainty was added to the model. As depicted in Figures 

 

 
Figure 1-15. The probability that the NPV (8%) of this project for pulpwood of P. 

taeda will be less than zero is 30.8%, making it a very risky investment.  
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1-16 and 1-17 for the sensitivity analysis, a possible variation of pulpwood prices by 

10% could turn the project into a very risky investment.   

The high correlation of 0.97 (Figure 1-17) between the NPV (8%) and the 

pulpwood price in this case indicates that a change of ±10% in the last variable can 

make the project a risky one, with high chances of being rejected by investors. 

  

      
Figure 1-16. Tornado graph illustrating the sensitivity of the NPV (8%) to the 

uncertainty of the input variables in the P. taeda plantation project.  
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Figure 1-17. Spearman rank correlation coefficient between uncertain input variables 

and the NPV (8%) of the pulpwood P. taeda project.  

 

Conclusions and Recommendations 

The volume yield of the pine hybrid P. taeda x P. tecunumanii was shown to 

be much superior to the volume yield of their parent species in the Mondi trial at the 

age of 9.5 years. The growth of the P. greggii x P. tecunumanii hybrid in the same 

trial was intermediate between that of the parent species. The mother trees of P. 

greggii for the hybrid crosses were the same as those used as a control in the trial. 

When compared to the commercial control of P. greggii, the hybrid was 20% 

superior in volume growth. The results of the Sappi trials showed that P. patula x P. 

tecunumanii had a similar growth to the best of the parents, P. patula second-

generation mix. In this case, the mother trees of the hybrid were the same used for 

seed production of the P. patula control in the trial. When compared to the P. patula 

first-generation mix, the hybrid was 51% greater in volume at 11 years of age. In this 
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study, the results indicated that the hybrid growth may be superior (equal to that of 

the best of the parent species) or intermediate (between that of the parent species).   

The growth and yield curves developed for this study are based on the 

existing models developed for P. patula and P. taeda in South Africa and on the 

volume yield measurement data captured at 9.5 and 11.0 years in the hybrid trials at 

Mondi and Sappi. Even though growth and yield models should be built for P. 

greggii, P. tecunumanii, P. patula x P. tecunumanii, P. greggii x P. tecunumanii and 

P. taeda x P. tecunumanii, the use of the existing model may be seen as a 

reasonable approach in the meantime.   

Considering only volume growth with the data used for this project, optimal 

rotation lengths were found to be between 10 and 16 years for pulpwood and 17 

years for sawtimber. The optimal rotation age can be highly influenced by the growth 

curve of the species. As an example, Pinus taeda had slow initial growth during the 

first 10 years and a faster growth thereafter, meaning a longer rotation age than 

species like P. patula, which has an inverse growth pattern. The longer rotation ages 

for sawtimber pine plantations in South Africa (up to 25 or even 28 years), attempts 

to capture superior properties of mature wood. The much greater ratio between 

mature and juvenile wood for older trees provides higher-quality wood for sawtimber. 

Species like P. tecunumanii and P. maximinoi grown in South Africa have been 

shown to have very good wood properties at 22 years of age, at which point they 

might be harvested having the same wood quality of P. patula and P. elliottii at 28 

years. As demonstrated in Table 1-7, the financial profits of a shorter rotation age at 
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22 years for P. tecunumanii may be much greater than those obtained for longer 

rotation ages at 28 years for the same species.       

The tree-breeding model developed at the forest level drew profitability for the 

pine hybrids and for the pure species. The financial criteria outputs calculated in this 

project were based on volume increase only, not on wood properties or other 

economically important traits. In chapter two of this thesis, wood properties will be 

considered in the financial analyses for a pulp mill project.  

The tree-breeding model was used to estimate the minimum area that the 

tree grower has to establish commercial plantations every year in order to achieve 

the break-even point with a tree-breeding program investment. At a 6% discount 

rate, the minimum annual planting area (MAPA) among varieties changed between 

896 ha and 1,575 ha for sawtimber production. For pulpwood production, a variation 

of the MAPA among varieties went from 2,327 ha to 4,095 ha at the same discount 

rate. For the 8% discount rate, the MAPA changed from 1,356 ha to 2,390 ha for 

sawtimber and from 3,197 ha to 5,905 ha for pulpwood. The MAPA to justify the 

investment in a TBP was always larger for pulpwood than for sawtimber and for the 

higher discount rate for all taxa.  

In this study, the use of rooted cuttings for commercial propagation of pine 

hybrids as cuttings versus seedlings from seeds had a relatively lower impact on the 

profitability of the sawtimber projects than for the pulpwood projects when the value 

of cuttings was twice as much as the value of seedlings. Even though the profitability 

for pine hybrids was significantly reduced when planting rooted cuttings for 
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pulpwood, the ranking of the taxa was not altered. Higher prices of rooted cuttings 

might put the hybrids at a financial disadvantage against the pure species. In this 

project, though, commercial propagation of the hybrids was assumed to be done 

through F2 seedlings from seeds collected in seed orchards, not from rooted 

cuttings. 

As long as pine hybrids have a greater volume of growth than pure species, 

there is always the possibility to make profits by increasing the commercial planting 

area, even if the tree-breeding costs of hybrids are higher than those of the pure 

species. As demonstrated in this project, the area increase required to justify the 

additional investment in a TBP with hybrids is directly proportional to the increase in 

the costs of the TBP.      

With the results illustrated in Tables 1-5 and 1-6, which show the profitability 

of the different management regimes, one obvious question comes to mind: “Why do 

some tree growers prefer to manage plantations under a pulpwood regime when the 

NPV is significantly lower than that for sawtimber and the amount of land required is 

larger?” From the perspective of a forest plantation owner, however, the sawtimber 

option does not look reasonable. The ideal tree plantation should provide mostly the 

wood with the highest possible economic value. Vertically integrated pulp and paper 

companies that own the forest and the industrial facilities must look at the business 

as a whole and measure the profitability of a decision for the entire company, not 

only for the forest. If the land base for tree planting is restricted by government 

regulations and market competition for wood is high, the raw material for pulpwood 
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might be scarce. Pulp mills are huge capital investment projects, and they operate at 

full capacity. It is not feasible for a pulp mill to temporarily shut down when wood 

supply is insufficient. Under these kind of conditions, vertically integrated pulp 

companies might view owning their own plantations as a necessity to ensuring an 

uninterrupted supply of cost-controlled wood. If this is the case, it is understandable 

if pulp and paper companies prefer to grow trees under the pulpwood management 

regime. In a country where wood is abundant and the wood market is large, the 

supply of raw materials for the pulp mills might not be an issue. In the United States, 

for example, some of the large pulp and paper companies at some point made the 

decision to separate the woodlands operations from the industrial part, making the 

forestry division a profit center that can sell the wood in the open market at market 

prices. 

The sensitivity analysis with the stochastic approach used in this study with 

@Risk™ illustrates the different profitability and risk level between two plantation 

projects associated with the uncertainty in the value of some input variables. 

Variation in wood prices and exchange rates, highly correlated with the financial 

outcomes, had a large impact on the NPV. A project that was apparently very 

profitable when the deterministic model was run turned into a high-risk project when 

uncertainty of wood prices varied ±10%.  
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CHAPTER 2: EFFECTS OF GROWTH, WOOD, AND PULP PROPERTIES ON 
FINANCIAL PERFORMANCE OF HYPOTHETICAL PULP MILL IN SOUTH AFRICA 

Section One: Wood and Pulp Properties  

Introduction 

As a raw material, wood accounts for a substantial percentage of 

manufactured product value. The cost of wood alone in the pulp industry represents 

30 to 60% of the finished product’s total cost. High-grade lumber products sell for 

higher prices on the market than their lower-quality counterparts; wood properties 

have high heritability, can be improved through breeding, and have a profound effect 

on product value. Consequently, in order for tree-breeding programs to deliver major 

genetic and economic gains, they must target healthy, rapidly growing trees with 

excellent wood properties.  

Despite extensive research on wood properties of pure species, research on 

wood properties of pine hybrids is limited to only a handful of studies. The majority of 

these studies have focused on wood density and the P. elliottii x P. caribaea hybrid. 

In a study at Bosques del Plata, Argentina, for example, the basic density of the 

wood of this particular hybrid was intermediate between the two parent species at 11 

years of age (personal communication from Raul Schenone). Similarly, the 

intermediacy of wood density between parental mean values has been reported for 

this hybrid in Australia and South Africa (Harding et al., 2000 cited by Toon, 2004; 

Kanzler, 2012 cited by Kanzler and Nel, 2014). Another study with this hybrid, also 

conducted in Australia, revealed inferior wood density to that of both parental 
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species (Kain, 2003). In this last study, the findings confirm that the hybrid typically 

inherits the flatter pith-to-bark density gradient of P. caribaea var. hondurensis, with 

positive effects on the modulus of elasticity. A hybrid between two varieties of P. 

caribaea at two Australian sites demonstrated slightly lower wood density in the 

hybrid at 13 years of age than was found in the two parents, P. caribaea var. 

caribaea and P. caribaea var. hondurensis, with a density near that of the lower 

density parent, in this case P. caribaea var. hondurensis (Toon, 2004).  

Likewise, the intermediacy of wood density to that of the parent species has 

been reported for P. patula x P. tecunumanii in South Africa (Kanzler, 2012, cited by 

Kanzler and Nel, 2014). Two trials were conducted on the hybrids P. caribaea var. 

hondurensis x P. tecunumanii and P. caribaea var. hondurensis x P. oocarpa by 

Smurfit Kappa Cartón de Venezuela in Portugesa, Venezuela. The wood density of 

the hybrids was always greater than the P. caribaea, which served as the control in 

both trials. There were two P. tecunumanii controls in the first trial, and these had 

higher density than the mean of the 25 hybrid P. caribaea x P. tecunumanii families. 

However, 6 of the 25 hybrid families showed greater wood density than both controls 

(Stock, 2000). To summarize, wood properties of pine hybrids are often, but not 

always, intermediate between those of the parent species. More studies on the wood 

properties of pine hybrids are needed. Pine hybrids with commercial potential should 

be examined in detail to confirm their properties.    

The first section of the chapter summarizes the wood and pulp properties of 

three pine hybrids: Pinus greggii x P. tecunumanii, P. taeda x P. tecunumanii and P. 
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patula x P. tecunumanii. Little information is available on the growth of the first two 

hybrids, with no information on their wood properties. The objective of this chapter is 

to provide new information on wood and pulp properties for these three hybrids, 

including wood density, pulp yield, pulp strength, and fiber properties, to confirm 

their value in plantation forestry. It is in the second half of this chapter that the 

effects of wood properties and tree growth on the financial performance of a 

hypothetical pulp mill in South Africa will be critically analyzed. This type of analysis 

rarely appears in publications for pure species and is non-existent for pine hybrids. 

Furthermore, the magnitude of disparities in financial performance among different 

taxa, including pure species and hybrids, provides an idea of their future economic 

value if planted on a commercial scale.  

Materials and Methods  

Field Sampling  

Wood samples (wood disks and increment cores) were taken from four 

genetic trials in Mondi South Africa and Sappi Forests for the purpose of measuring 

wood properties (see Table 2-1). The two trials in Mondi were 550 m distance from 

each other and had the same environmental conditions. For clarity, these two trials 

will be referred to as the “Mahehle trial.” Information on wood properties of the two 

trials in Sappi will be presented separately, and the trials will be called the “Usutu 

hybrid trial” and the “Usutu progeny trial.” In this study, the wood cores were used to 

measure the wood density profile from the cambium to the pith, as well as the 

wood’s chemical composition. Wood disks were converted into chips to create 
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chemical pulp, and into wedges to measure wood density using the gravimetric 

method. Ultimately, 20 trees per taxa per trial were selected at random in the four 

trials.   

 

Table 2-1. Wood disks and wood cores collected in Mondi and Sappi genetic trials. 
The wedges for chips processing and density measurements belong to the 
same disks. The wood cores were split in two halves, one half for wood 
chemistry and one half for X-RD.      

Company 
& location 

Trial Taxon 
Sample 

age 
(years) 

No. of disks used  Increment cores used 

Wedges 
for 
chips 

Wedges 
for density 

Chemistry X-ray 
densitom  

Mondi – 
Mahehle 

Hybrids P. greggii 13 20 20 19 19 

  P. tecunumanii 
HE 

13 16 16 15 16 

  gre x tec 13 20 20 20 20 

  tae x tec 13 20 19 19 20 

Mondi - 
Mahehle 

Progeny P. taeda 13 20 18 15 20 

        

Sappi - 
Usutu 

Hybrids P. patula 12 20 19 19 * 

  pat x tec 12 20 20 16 * 

Sappi - 
Usutu 

Progeny P. patula 23 20 20 14 * 

  P. tecunumanii 
LE 

23 20 20 19 * 

* Samples not measured yet 

 

In the Mahehle trial, samples were taken from 20 trees from second-

generation P. taeda and 20 trees per taxon of P. greggii x P. tecunumanii, P. taeda x 

P. tecunumanii, and unimproved P. greggii from México. The sole exception in the 

number of trees included in the study per species/hybrid was for P. tecunumanii high 
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elevation (HE) from Río Chiquito, El Salvador, from which only 16 wood samples 

were available throughout the study.  

At Usutu, 20 P. patula and 20 P. patula x P. tecunumanii trees were sampled 

in the Usutu hybrid trial. Twenty samples were taken from P. patula, and another 20 

were obtained from P. tecunumanii trees in the Usutu progeny trial. The wood 

samples of P. tecunumanii LE were from the provenance Culmí in Honduras.  

For the wood extraction, a 12 mm-diameter, bark-to-bark, wood increment 

core was extracted from each selected tree at diameter breast height (DBH), using a 

manual drill. The trees were then felled, and a 5 cm thick disk was cut 1.4 m from 

the base of the tree (i.e. 10 cm above the extracted wood core). Each sample was 

identified with the number of the corresponding tree, labeled with a permanent 

marker, oven-dried in the lab at 105°C for 48 hours, packed into cardboard boxes 

and tubes to ensure the identity, quality, and protection of the samples, and sent to 

Camcore at NCSU in Raleigh, North Carolina, where they were processed in the 

laboratory.  

Wood Sample Processing in Laboratory 

Wood Cores 

Wood cores were cut in half at the pith. One half was used to test chemical 

composition, while the other was used to measure wood density.  

Wood Chemical Composition 

The wood cores were ground in a mill in the laboratory to obtain the wood 

meal required for the wood chemistry test. The wood meal from each individual tree 



 

60 

was stored separately in a plastic bag. For each taxon, a 5-g sample from each 

replicate was sent to the wet lab for chemical analysis at the Department of Forest 

Biomaterials. Three replicates of 5 g were examined for each taxon, where there 

were 9 taxa, accounting for a total of 27 samples. Sugar composition, lignin, 

cellulose and hemicellulose content were measured for every sample, in accordance 

with the procedure described in the National Renewable Energy Laboratory 

Technical Report NREL/TP-510-48087 (2011). 

Wood Density Profile with X-Ray Densitometer 

An x-ray densitometer (Quintek Measurement Systems, Inc., QMS Tree Ring 

AnalyzerTM - Model QTRS-01X) was used to measure wood density profiles. One 

sample of every tree was scanned using the x-ray machine; the samples were 

processed from the wood cores. The wood cores were glued between two wood 

frames containing round channels, in which they fit snugly. The wood cores were 

oriented so that the fibers ran parallel to the two frames. Once in this position, the 

wood cores were glued. High pressure was applied to the wood frame, and the 

samples were set to dry for a duration of three days. A circular saw, consisting of 

two parallel blades with a 2 mm span, was used to cut the dried samples in the 

center and along the wooden frames. The resulting product was a 2 mm thick wood 

strip showing a transverse face (see Figures 2-1, 2-2, and 2-3). 
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Figure 2-1. Gluing the increment cores to the wood frames before cutting the strips 

to scan in the x-ray densitometer.  

 

 
Figure 2-2.  Transverse face of 2-mm thick wood strips of different pine taxa.  
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Wood samples were scanned by the x-ray densitometer at NCSU, which 

characterizes annual growth rings and allowed assessment of latewood percentage, 

average earlywood density, average latewood density, and the average ring-wood 

density for every growth ring of the tree. For the purpose of this study, the boundary 

for distinguishing latewood and earlywood was 450 kg/m3; density greater than 450 

kg/m3 was considered latewood, and density lower than 450 kg/m3 was considered 

earlywood. The software jointly implemented with the x-ray densitometer in this 

analysis was the QTRS (Quintek Tree Ring Scanner), based on the MICROSOFT 

NTTM operating environment.  

 

 

Figure 2-3. Scanning the wood strips with the x-ray densitometer.  
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Wood Disks 

One hundred seventy-seven wood disks, 5 cm thick, were received from two 

companies in South Africa, Mondi South Africa and Sappi Research, of P. 

tecunumanii, P. patula, P. greggii, P. taeda, and the P. patula x P. tecunumanii, P. 

greggii x P. tecunumanii, and P. taeda x P. tecunumanii hybrids. These companies 

contributed 97 and 80 wood disks, respectively. The wood disks were processed for 

wedges to measure wood density using the gravimetric method and to generate 

wood chips for the micro-pulping study. The wedges were large enough to produce 

the amount of chips required in the study, equivalent to 220 grams/taxon/cook. The 

disks collected in the Usutu progeny trial, namely those 20 samples from P. patula 

and P. tecunumanii, were cut from older trees (23 years) than were the samples 

collected from the P. patula x P. tecunumanii and P. patula in the Usutu hybrid trial 

(12 years). Then, with the objective of rendering all samples comparable to one 

another, the disks from the Usutu progeny trial were cut around the 12-year ring, and 

the older rings were not used in this study.    

Wood Density with Gravimetric Method 

No resin extraction was made from the samples to be used in the wood 

density measurements. To measure wood density, wedge-shaped segments of the 

wood were cut from the disks using the gravimetric method (see Figure 2-4). The 

wedges were thoroughly hydrated by submerging them in water for three days; the 

hydrated wedges were then attached to a needle. A flask containing water was 

placed on an electronic balance, and the balance was tared to zero. The needle 
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facilitated the immersion of each wood wedge into the water. The top of the wood 

was submerged just below the meniscus, avoiding immersion of the needle, and 

keeping the wedge free from touching the sides of the flask. The mass of the water 

displaced by the wood wedge was measured by the balance. The mass of the 

displaced water was understood to be equivalent to the fresh volume of the wood 

wedge, given that the density of water is 1g/cm3.  

The dry mass values for every wedge were obtained by drying the wedges in 

an oven set at 105°C for 48 hours. The samples were weighed on an electronic 

Mettler Toledo ML 303E Precision Balance immediately after removing them from 

the oven. The wood density of each sample was calculated by dividing its dry mass 

by its fresh volume. This method was used to calculate the wood density of each of 

the twenty sample wedges for each tree, including P. greggii, P. greggii x P. 

tecunumanii, P. patula x P. tecunumanii and P. tecunumanii (Sappi Research). For 

the other taxa, the following numbers of samples were used to calculate wood 

density: nineteen samples of P. patula and P. taeda x P. tecunumanii, eighteen 

samples of P. taeda, and sixteen samples of P. tecunumanii (Mondi, South Africa). 

The five wood samples not used for density measurements of the last four taxa were 

dropped due to inferior quality.  
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Figure 2-4. Measuring wood density with the gravimetric method.  

 
 

Pulping and Calculating Pulp Yield at 26 Kappa 

The main objective of the pulping study was to produce kraft chemical pulp, 

measure the pulp yield at Kappa 26, bleach the pulp, and measure its strength and 

fiber properties. 

Making Chips 

The wood disks were used to produce the chips for the pulping study. In an 

attempt to replicate the geometry of a commercial chipper and the structure of 

commercial chips, a method was developed to create wood chips by hand. A device 
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was built that consisted of a sharp blade that could rapidly make straight cuts, as 

depicted in Figures 2-5 and 2-6. 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

  
Figure 2-5. Device with sharp blade to 

cut wood Strips out of the 
disks. 

Figure 2-6. Strips to be cut into chips for 
the pulping study 

 

The blade was hit with a 2-pound mallet to make the necessary cuts, taking 

care that the thickness of the strips was between 4 mm and 6 mm. The size of the 

chips created in this fashion were extremely uniform. Because the diameter of each 

tree’s disk varied, the same mass of chips was taken from every tree, and making 

the strip cuts the way they are illustrated in Figure 2-6, a balance between juvenile 

and mature wood to be used in the study.  

Cooking Chips 

The digester that cooked the chips was made by M/K Systems Inc. (see 

Figure 2-7). The maximum capacity of chips per use (replication) in the lab digester’s 
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cylinder was 900 g. Screens were used to divide the digester cylinder into four 

sections; this allowed four 220-g samples to be contained in single cylinder. For 

each cooking cycle, four taxa were randomly selected (Figure 2-8). The target 

weight of the chips per taxon for each cooking cycle was 220 g. The chips from the 

20 trees of each taxon were thoroughly mixed in plastic bags, and a 220-g sample 

was randomly drawn from the mixture. The identity of each sample within the same 

cooking cycle was retained in order to measure the Kappa number and all the 

properties of the pulp that was produced. Three cooking cycles per taxon were 

conducted (i.e. replications) to measure both the mean and the variation of pulp yield 

within the same taxon. With nine taxa needing to be cooked, and four taxa being 

cooked in each cycle, seven cooking cycles were necessary to prepare the 27 

samples required for the study.  

 

      
Figure 2-7. Digester on the right hand 

side used to cook the wood 
chips. 

Figure 2-8. Cylinder of the lab digester 
with chips of four different 
taxa to be cooked. 
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The standard chip-cooking procedure followed at NCSU was used for this 

study. After several preliminary tests, the following values were used for all 27 

cooking cycles: Active Alcali (AA) = 20%, Sulfidity = 25% and liquor to wood ratio = 

4:1.The concentrations of NaOH as Na2O, and Na2S as Na2O, were constantly 

measured in the solution of both chemicals. Consistency was measured by 

destructive sampling every taxon and every cooking cycle in order to obtain the 

solids content of the chips. An oven set at 105°C was used for a period of 24 hours 

to dry the samples. All of the information mentioned was instrumental in calculating 

both the amount of each solution used in every cooking cycle, as well as the volume 

of water to be added for dilution.  

At a heating rate of 300 ⁰C/hr and a target temperature of 170°C, the cooking 

time after the chemical solution within the digester reached 100°C was 2 hours and 

40 minutes for all cooking cycles. An H-factor of 2100 was found to reach the 26 

Kappa number. This H-factor was defined in the preliminary cooking cycles as well. 

The H-factor is a kinetic model for the rate of delignification in kraft pulping; it is a 

single-variable model combining temperature and time, assuming that the 

delignification is one single reaction (Gullichsen and Fogelholm, 2000).  

Once cooked, the chips were washed with clean, running water for four hours 

to remove the black liquor adhered to them. An electrical agitator was used for 10 

minutes to separate the fibers of the cooked chips. An individual bucket was used for 

each taxon (Figure 2-9). After this operation, the fibers were screened in order to 

separate the fibers from the rejects (Figure 2-10). The rejects were placed in a 
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beaker, put into the oven at 105°C, and set to dry for 12 hours. Once dry, the rejects 

were weighed in an electronic balance. After screening, the pulp was wrapped into 

fabric and placed into a centrifuge; the machine ran for ten minutes to remove a 

substantial portion of water. Then, the lower-moisture-content pulp was passed 

through a fluffer, where it became fluffy and easy to handle. The weight of the fluffy 

pulp was registered after being placed in a plastic bag of known weight. Two 

samples of 2 g each were removed from the bag to measure the consistency of the 

fluffy pulp using two Mettler Toledo moisture analyzer scales HB 43 Halogen. The 

average of the two measurements gave the consistency of the fluffy pulp so that the 

weight of the dry pulp could be obtained. Because the original value of the dry wood 

chips used in the digester was known, the screened pulp yield was calculated by 

dividing the value of the dry pulp by the value of the dry chips. The unscreened pulp 

yield was also calculated by dividing the total, dry weight of the pulp plus the dry 

weight of the rejects over the weight of the dry chips.  

Twelve grams of pulp were used to make a Kappa pad that was then used to 

measure the Kappa number. The Kappa number, which indicated the amount of 

residual lignin in the pulp, was measured by reacting lignin with potassium 

permanganate in the presence of sulfuric acid (TAPPI Standard T 236). The micro 

kappa procedure implemented at NCSU, which is described in Appendix A, was 

followed for this study. Although Kappa 26 was the target, a variation of ±1.5 was 

obtained. When the Kappa number was multiplied by 0.15, the percentage amount 

of residual lignin was determined to be 26 x 0.15 = 3.9%. 
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Figure 2-9. Separation of fibers with 
agitator before screening. 

Figure 2-10. Screening the fibers to 
separate “accepts” from rejects.” 

 

 

Bleaching Kraft Pulp 

The sequence O D0 (EP) D was used for the pulp bleaching, following the 

standard procedure established at the NCSU Forest Biomaterials laboratory.  

Measuring Pulp Properties 

The pulp hand sheet properties were measured following the TAPPI 

procedures described in standards No. T 205 om-88 (Forming hand sheets for 

physical tests of pulp), T 220 om-88 (Physical testing of pulp hand sheets), and 

T452 om-87 (Brightness of pulp, paper, and paperboards – directional reflectance a 
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457 nm). The properties of thickness, basis weight, freeness, tensile strength, tear 

strength, and burst were measured at three levels of refining: 1000, 2000, and 3000 

rpm. The fibers were refined using a PFI mill at the Forest Biomaterials laboratory. 

Commercial market pulp from a southeastern North Carolina pulp mill from P. taeda 

available in the lab was used to compare the hand sheet properties with those of the 

taxa assessed in this study. 

Fiber Properties 

Several properties of the fiber produced in this study from the kraft pulp were 

measured using the Fiber Quality Analyzer (FQA) at the Fiber and Biomaterials lab 

at NCSU. The testing procedure followed was that described in the FQA’s Operation 

Manual Code LDA02, produced by OpTest Equipment Inc., Canada (1996-1999). 

Four samples of each taxon, each sample containing 5,000 fibers (counted by the 

FQA), were measured to determine fiber length and fiber width by using the FQA.  

Statistical Analyses 

With the exception of the bleaching procedure, which is costly and requires 

much labor, the wood and pulp trait mean values were calculated using several 

samples. For the chemical analysis, three samples were tested, by taxon, based on 

wood constituents and hemicellulose sugars. Three cooks per taxa were performed 

in order to calculate pulp yield for 9 taxa. For the wood density measurement with 

the gravimetric method, between 16 and 20 samples were used per taxon, as 

illustrated in Table 2-7. The fiber quality analysis used 4 samples of 5,000 fibers, per 

sample, per taxon, in order to measure the length and width of the fibers.  
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In all cases, analysis of variance (ANOVA) was made to calculate statistically 

significant differences at a 0.01 probability level using SAS® version 9.3. The GLM 

procedure and the Duncan grouping were used. The standard errors were also 

calculated for all the variables using the Means procedure in SAS® version 9.3. 

Pearson correlation coefficients were calculated among different traits, using the 

correlation procedure with the same version of SAS.   

The results of all the statistical analyses are included in the tables that illustrate the 

mean values of the variables for all the taxa in the study.     

Results and Discussion 

Wood Chemical Composition 

Wood chemical composition is an important issue in the pulp and paper 

industry because the lignin, cellulose, hemicellulose, and extractive contents 

significantly impact the financial performance of a pulp mill. In the particular case of 

mills where chemical kraft pulp is the main product, the cellulose will constitute the 

primary fiber component, and hemicellulose will constitute a smaller portion. Most of 

the hemicellulose along with most of the lignin, degrades and dissolves during the 

kraft-cooking phase of the manufacturing process. The lignin content is a valuable 

energy source because it is burned as part of the black liquor in the recovery boiler. 

Black liquor is a mixture of dissolved wood organics (lignin, hemicellulose, 

extractives, and some cellulose), along with the inorganic pulping chemicals. When 

evaporated to 70% solids and burned in the chemical recovery process, this 

substance provides more than 60% of the energy required for production. 



 

73 

In this study, the chemical characterizations of all the taxa were determined in 

order to examine the differences among wood constituents, their possible 

correlations with wood properties, and their economic impact on pulp production in a 

South African pulp mill. The results include the sugar composition of the wood 

(Tables 2-2, 2-3, and 2-4). Three samples of each taxon were analyzed in the wet 

lab process. The values illustrated in the tables represent the mean values of all 

wood components.  

 

Table 2-2. Cellulose and lignin content of wood samples taken from 20 trees per 
taxa of nine taxa in the Mahehle trial at Mondi and the Usutu trials at 
Sappi.  

Trial 
Cellulose  Lignin 

Taxon Duncan Mean  SE  Taxon Duncan Mean SE 

Mahehle P. tec HE A 42.4 0.20817  P. taeda A 30.0 0.56862 

 P. greggii A 42.3 0.38442  P. tec HE A 29.8 0.37859 

 gre x tec      B 41.4 0.16667  tae x tec A 29.5 0.43333 

 P. taeda         C 40.2 0.26458  gre x tec  A 29.2 0.81921 

 tae x tec         C 39.5 0.15275  P. greggii A 28.9 0.71251 

          

Usutu hybrid pat x tec A 41.5 0.14530  pat x tec A 29.6 0.26667 

 P. patula A 41.0 0.40000  P. patula A 29.4 0.06667 

          

Usutu 
progeny 

P. tec LE A 42.2 0.14530  P. tec LE A 29.6 0.00000 

 P. patula     B 40.9 0.10000  P. patula A 29.6 0.27285 

   

 

It is worth noting that the range of variation of lignin content among taxa was 

very small, and no statistically significant differences were found at a probability level 

of 0.01. The cellulose content was more dispersed, and statistically significant 

differences were found among taxa, as seen in Table 2-2.   
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The highest cellulose content was found in P. tecunumanii, which is 

consistent in both the Mahehle trial with 42.4% and the Usutu progeny trial with 

42.2%. The lignin content for P. tecunumanii was also similar at both sites, 29.8% in 

Mahehle and 29.6% in Usutu; this value was on the upper end of the lignin contents 

found in this study. The cellulose content for P. greggii (42.3%) equaled the average 

cellulose value for the two P. tecunumanii (42.3%); and the lignin content (28.9%) 

was the lowest value of all the taxa. It is also important to note that P. taeda had the 

highest lignin content (30.0%) and the second lowest cellulose content (40.2%), after 

its hybrid with P. tecunumanii HE (39.5%). 

While the lignin content of P. greggii x P. tecunumanii (29.2%) was 

intermediate between that of the two parent species (28.9% and 29.8%), the 

cellulose content for this hybrid (41.4%) was below that of the two parent species 

(42.3% and 42.4%). In the case of P. taeda x P. tecunumanii, the lignin (29.3%) and 

cellulose (39.5%) contents were below those of the two parent species.  

The P. patula x P. tecunumanii hybrid exhibited exactly the same lignin 

content as both parent species, while its cellulose content was intermediate. Pinus 

patula had similar cellulose and lignin contents at both sites, and exactly the same 

lignin content as P. tecunumanii LE and its hybrid with P. tecunumanii in Usutu.  

Looking at the different sugar contents among taxa, it was observed that 

arabinans and xylans are present in particularly high levels in both P. taeda, and its 

hybrid with P. tecunumanii, for both trials in Usutu.  
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All the taxa were compared at all the trials for two reasons: the chemical 

compositions for both P. tecunumanii LE and P. patula were only negligibly different 

  

Table 2-3. Mannans and Xylans content of wood samples taken from 20 trees per 
taxa of nine taxa in the Mahehle trial at Mondi and the Usutu trials at 
Sappi.  

Trial 
 Mannans   Xylans 

Taxon Duncan Mean  SE  Taxon Duncan Mean SE 

Mahehle P. tec HE A 11.5 0.03333  P. taeda A 7.2 0.1000 

 P. greggii    AB 11.4 0.06667  tae x tec     B 7.0 0.0333 

 gre x tec        B 11.1 0.03333  P. greggii         C 5.4 0.0333 

 P. taeda           C 10.6 0.15275  gre x tec         CD 5.4 0.0333 

 tae x tec           C 10.4 0.00000  P. tec HE    D 5.2 0.0333 

          

Usutu 
hybrid 

pat x tec A 12.9 0.29627  pat x tec A 5.3 0.0881 

 P. patula A 12.1 0.15275  P. patula A 5.2 0.0881 

          

Usutu 
progeny 

P. tec LE A 12.6 0.06667  P. patula A 5.9 0.3333 

 P. patula B 12.1 0.13333  P. tec LE     B 5.6 0.3333 

 

 

Table 2-4. Arabinans and Galactans content of wood samples taken from 20 trees 
per taxa of nine taxa in the Mahehle trial at Mondi and the Usutu trials at 
Sappi.  

Trial  
 Arabinans   Galactans 

Taxon Duncan Mean SE  Taxon Duncan Mean SE 

Mahehle tae x tec A 1.7 0.00000  P. tec HE A 2.2 0.03333 

 P. taeda A 1.7 0.00000  tae x tec B 2.1 0.03333 

 gre x tec     B 1.4 0.00000  gre x tec C 1.9 0.03333 

 P. greggii     B 1.4 0.00000  P. greggii D 1.8 0.00000 

 P. tec HE     B 1.4 0.03333  P. taeda D 1.8 0.03333 

          

Usutu hybrid Pat x tec A 1.4 0.05773  P. patula A 2.2 0.06666 

 P. patula A 1.3 0.03333  pat x tec A 2.2 0.05773 

          

Usutu 
progeny 

P. patula A 1.3 0.03333  P. patula A 2.9 0.05773 

 P. tec LE A 1.3 0.00000  P. tec LE B 2.3 0.03333 
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between the two sites where they were planted, and the chemical composition 

varied highly among taxa in the same place. The environment at both sites can be 

assumed to have less of an effect on the trees’ chemical composition than the taxa 

does. This finding will be further discussed later in the paper. 

Pulp Yield 

Both screened and unscreened pulp yield were measured in each of the 

samples, and both are relevant to the discussion of this study. Results for the pulp 

yield of the hybrids and their parent species are illustrated in Figures 2-11 to 2-18. 

Unscreened pulp yield is calculated by dividing the weight of the oven-dried pulp by 

the weight of the oven-dried wood that was used to produce that pulp. In the 

calculation, the rejects are included as part of the fiber obtained in the cooking 

process. To calculate the screened pulp yield, the rejects were not considered part 

of the fiber produced. 

For practical purposes, the screened yield is the important value for paper 

production in this industry. For the analysis of this study, screened and unscreened 

pulp yields will be used to look for correlations with the wood chemistry. Rejects may 

be caused by tree defects or variations. The unscreened pulp yield might show the 

potential of screened pulp yield if these defects or variations were reduced through  

careful genetic selection and good silvicultural management. Taxa with a high 

content of rejects and low pulp yield could be made into higher yield taxa by the 

implementation of these practices for reducing rejects. No amount of breeding will 

eliminate all variation, especially in a production-scale mill where there is less 
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uniform cooking; however, the production of more uniform wood structures will have 

many benefits, including possibly higher yield, lower chemical use, and improved 

pulping.    

 

  

Figure 2-11. Unscreened pulp yield for 
the hybrid P. greggii x P. 
tecunumanii and the parent 
species in the Mahehle hybrid 
trial. 

Figure 2-12. Screened pulp yield for the 
hybrid P. greggii x P. 
tecunumanii and the parent 
species in the Mahehle hybrid 
trial. 

 

   

Figure 2-13.  Unscreened pulp yield for 
the hybrid P. taeda x P. 
tecunumanii and the parent 
species in the Mahehle hybrid 
trial. 

Figure 2-14. Screened pulp yield for the 
hybrid P. taeda x P. 
tecunumanii and the parent 
species in the Mahehle hybrid 
trial. 
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Figure 2-15.  Unscreened pulp yield for 
the hybrid P. patula x P. 
tecunumanii and P. patula in 
the in the Usutu hybrid trial. 

Figure 2-16. Screened pulp yield for the 
hybrid P. patula x P. 
tecunumanii and P. patula in 
the Usutu hybrid trial. 

 
 
 

  

Figure 2-17. Unscreened pulp yield for 
P. patula and P. tecunumanii 
in the Usutu progeny trial. 

Figure 2-18. Screened pulp yield for P. 
patula and P. tecunumanii in 
the Usutu progeny trial. 

 
 

A least square means analysis indicated that the cooks had no effects on the 

results; for this reason, the ANOVA analysis was made for the pulp yield of different 

taxa using the GLM procedure in SAS (Table 2-5).  
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The overall performance of the hybrids in terms of pulp yield shows that they 

were intermediate between their parental species. The only exception was the equal 

level of screened pulp yield for P. greggii x P. tecunumanii and P. tecunumanii in the 

Mahehle trial. In the Usutu hybrid trial, the P. patula had greater unscreened and 

screened pulp yields than the P. patula x P. tecunumanii hybrid, with significant 

differences in both cases. From the pulp yields observed for P. patula and P. 

tecunumanii in the Usutu progeny trial, it might be inferred that the hybrid would be 

intermediate for the screened pulp yield, but probably no for the unscreened pulp 

yield.  

The taxa with the highest unscreened pulp yield were P. patula, P. 

tecunumanii and P. patula x P. tecunumanii in the two Usutu trials, and P. greggii 

and P. greggii x P. tecunumanii in the Mahehle trial, all demonstrating values over 

44.9%. The taxa with the lowest values of unscreened pulp yield were P. taeda and 

P. taeda x P. tecunumanii in the Mahehle trial, exhibiting values of 43.1% and 43.5% 

respectively. In a similar situation, the screened pulp yields for P. patula, P. patula x 

P. tecunumanii, P. greggii and P. greggii x P. tecunumanii show values over 43.2%. 

While P. tecunumanii had 43.7% pulp yield in the Mahehle trial, it had 41.9% in the 

Usutu progeny trial. Two percent differences in pulp yield between taxa might incur 

substantial financial disparities for the performance of a pulp mill, particularly when 

the recovery boiler capacity is a bottleneck in the manufacturing process, as will be 

illustrated later in the second section of this chapter.  
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Table 2-5. Analysis of variance (ANOVA) for pulp yield of nine taxa in Mahehle and 
Usutu trials.  

Trial Taxon 
Unscreened Pulp Yield  Screened Pulp Yield 

Duncan Mean  SE  Duncan Mean SE 

Mahehle P. greggii A 45.5 0.13333  A 43.3 0.64291 

 gre x tec A 45.1 0.08819  A 43.7 0.50332 

 P. tec HE       B 44.3 0.26034  A 43.7 0.33333 

 tae x tec            C 43.5 0.15275  A 42.5 0.50332 

 P. taeda            C 43.1 0.16667  A 42.1 0.33333 

         

Usutu hybrid P. patula A 45.9 0.23094  A 44.6 0.12019 

 pat x tec      B 45.0 0.15275       B 43.6 0.20817 

         

Usutu progeny P. patula  A 45.5 1.09697  A 43.2 0.75351 

 tec LE A 44.9 0.48419  A 41.9 0.51316 

 

 

The statistical software, SAS 9.3TM, was used to calculate Pearson correlation 

coefficients for several variables involving chemical composition and pulp yield. The 

strongest correlations that a researcher could reasonably expect would be between 

cellulose and pulp yield, and between lignin and pulp yield, but not between sugars 

of the hemicellulose. In this study, there is a correlation coefficient of 0.57 between 

unscreened pulp yield and cellulose content, as well as a -0.57 correlation coefficient 

between unscreened pulp yield and lignin, a moderate value in both cases. In some 

taxa, the ratio of a high lignin content to low cellulose content may be large enough 

to presume a low pulp yield for the species, as might be the case for P. taeda. In 

other taxa, the cellulose and lignin contents might be less obvious, necessitating a 

more detailed analysis. This then calls for an evaluation of the relative role played by 

the hemicellulose sugars in the pulp yield.  
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The calculated correlation coefficients between hemicellulose and 

unscreened and screened pulp yield generated very low values, 0.01 and 0.24 

respectively. An extra step was added to examine the correlations between 

individual sugars and pulp yield. Even though the size of the sample used to 

calculate the correlation coefficients was very small (only nine samples), the values 

obtained indicate strong correlations between some sugars and the pulp yield, 

especially in the case of unscreened pulp yield (Table 2-6). 

  

Table 2-6. Pearson correlation coefficients between unscreened and screened pulp 
yields with sugar content in the hemicellulose of several pine taxa. All 
correlations are statistically significant at the 5% level.    

Sugar Correlation coefficients between 
sugar content and unscreened pulp 
yield 

Correlation coefficients between sugar 
content and screened pulp yield 

Arabinans R = -0.92 R = -0.80 

Xylans R = -0.82 R = -0.89 

Mannans R = 0.71  

 

 

As illustrated in Table 2-6, the correlation between pulp yield and the 

arabinans and xylans was negative, indicating that when the content of these sugars 

in the wood was high, the pulp yield was low. Similar correlations between xylans 

and pulp yield of loblolly pine bleached pulp were reported by White et al. (2007) and 

linerboard-grade pulp by McDonough et al. (2011).  The opposite trend was 

observed for the mannans, for which the correlation is positive. Considering the 

relatively high content of these sugars in the wood, the resulting effect on pulp yield 

might explain differences among the taxa. The total value of arabinans plus xylans 
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among all the taxa in this study varied between 6.53% and 8.67%, while the value 

for mannans varied between 10.40% and 12.87%. 

The differences in pulp yield among different taxa can be explained by the 

hemicellulose content, which is not visible when only cellulose and lignin content are 

studied. Pinus taeda and P. taeda x P. tecunumanii, for example, consistently 

demonstrate the lowest values of mannans and the highest values of arabinans and 

xylans, which might explain why these taxa produce the lowest pulp yield. This 

hunch is confirmed upon examination of the chemical composition of P. patula, P. 

tecunumanii and the P. patula x P. tecunumanii hybrid in the Usutu trials, where the 

taxa have a high content of mannans, low content of xylans and arabinans, and the 

highest unscreened pulp yield in the study (Tables 2-3 and 2-4). Other factors that 

might explain the differences in pulp yield, such as the chemical reactions that take 

place during the pulping process, as well as the chemical drivers of these reactions, 

are beyond the scope of this study. 

After analyzing these results, one question that remains is whether the 

selection of trees based on sugar contents should be made by geneticists working 

within the pulp and paper industry. Perhaps NIR models should be developed to 

quickly estimate the sugar content at low cost, in addition to generating cellulose and 

lignin content estimations.  
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Wood Density 

Wood Density Gravimetric Method 

The wood density of each tree in the trials was measured from the disks 

collected at 1.4m above ground in the field. All the wood density values measured 

using this method for all taxa are presented in Table 2-7. The wood density values of 

the Mahehle trial should not be compared to the values obtained in the Usutu trials 

because they are located in different environments. The results of the analysis of 

variance (ANOVA) run with SAS 9.3TM show significant differences in wood density 

at a 0.01 probability level for P. greggii x P. tecunumanii and P. taeda x P. 

tecunumanii hybrids compared to pure P. tecunumanii in the Mahehle trial.  Between 

P. patula and the P. patula x P. tecunumanii hybrid there was no significant 

difference in the Usutu hybrid trial, while there was significant difference between P. 

patula and P. tecunumanii in the Usutu progeny trial.   

Even though the P. patula x P. tecunumanii hybrid shows lower wood density than 

that of the two parent species, its value is closer to that of the P. patula in the Usutu 

hybrid trial. The relatively large difference between the wood density values of P. 

tecunumanii in both trials might be explained by the different environmental 

conditions at the two sites, and by their original environments (high elevation and 

low elevation). As mentioned before, no resin extraction was made before  

measuring the wood density, and resin content might explain part of the variation in 

wood density. 
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Table 2-7. Mean gravimetric wood density (kg/m3), coefficient of variation (%), and 
number of trees sampled for all taxa in the hybrid trials at Mondi South 
Africa and Sappi Forests.  

Trial Taxon 
No. of 
samples 

Duncan 
Mean 
(ton/m3) 

SE CV (%) 

Mahehle  P. tae x P. tec 19 A 0.392 0.00590 6.7 

 P. gre x P. tec 20 A 0.390 0.00453 5.3 

 P. greggii 20 A 0.376 0.00727 8.7 

 P. taeda 18 A 0.372 0.00664 7.6 

 P. tecunumanii HE 16      B 0.362 0.00922 10.2 

       

Usutu hybrid  P. patula 19 A 0.376 0.00638 7.4 

 P. pat x P. tec 20 A 0.359 0.06739 8.4 

       

Usutu progeny P. tecunumanii LE 20 A 0.423 0.00646 6.8 

 P. patula 20      B 0.402 0.00641 7.1 

 

 

Wood Density X-Ray Densitometer   

The x-ray densitometer reads radial wood density variations from the bark to 

the pith of the tree. Its output illustrates important variables to analyze the stem’s 

growth rings, as depicted in Table 2-8. The values in Table 2-8 are the mean values 

for each taxon, calculated from all the trees in the trials. The x-ray densitometer’s 

function is to provide information regarding ring analysis, such as the values 

depicted in Table 2-8. The wood density value is not necessarily the actual wood 

density, which is measured using the gravimetric method. Nonetheless, the wood 

density variation measured by the x-ray densitometer is commensurate with the 

wood density variation measured by using the gravimetric method, meaning that the 

variation percentage among the wood densities of the taxa are similar, and that the 

ranking of taxa on the basis of wood density is the same under the two methods. 
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Overall, the latewood percentage for the two pine hybrids is clearly higher than that 

of the pure species, especially for the P. taeda x P. tecunumanii, which helps to 

explain the greater wood density value of both hybrids. 

 

Table 2-8. Mean values x-ray densitometer for ring analysis of five taxa in the 
Mahehle pine trials in Mondi South Africa.  

Trial  Taxon 
Latewood 

% 

Earlywood 
density 
(Kg/m3) 

Latewood 
density 
(Kg/m3) 

Ring mean 
density 
(Kg/m3) 

Mahehle P. tecunumanii HE 23 327 584 390 
 P. taeda 29 307 614 399 
 P. taeda x P. tecunumanii 37 326 601 431 

Mahehle P. tecunumanii HE 23 327 584 390 
 P. greggii 24 335 624 407 
 P. greggii x P. tecunumanii 28 347 632 433 

 

 

P. taeda x P. tecunumanii analysis 

The earlywood density of P. taeda is lower than the earlywood density of both 

P. tecunumanii and the hybrid, P. taeda x P. tecunumanii. Moreover, the latewood 

density of P. taeda is greater than that of the P. taeda x P. tecunumanii and the pure 

P. tecunumanii. This means that the wood density at the ring level is more variable 

for P. taeda than for the other two taxa that show a more uniform density in radial 

direction. This finding confirms Malan and Hoon’s observation (1991) of lower 

variability in the radial wood density of P. tecunumanii when compared with that of P. 

taeda. The earlywood density of the P. tecunumanii x P. taeda hybrid is very similar 

to that of the P. tecunumanii, while its latewood density is intermediate to that of the 

two parent species. The higher wood density value of the P. taeda x P. tecunumanii 



 

86 

hybrid compared to the density of P. taeda is explained by both the greater 

percentage of latewood and the greater density of earlywood. With respect to the P. 

tecunumanii, the hybrid’s greater wood density is explained by the greater 

percentage of latewood and the higher latewood density.  

P. greggii x P. tecunumanii analysis 

The earlywood density, the latewood density, and the latewood percentage of 

the P. greggii x P. tecunumanii hybrid are all greater than those of unimproved P. 

greggii and P. tecunumanii, which explains the superiority of the hybrid’s wood 

density. The same can be said of the relationship between P. greggii and P. 

tecunumanii, in which the first species is superior to the second in all of these 

values, particularly the latewood density. In the pulp industry, high wood density is 

desirable because a greater quantity of bone-dry wood is obtained from the same 

volume of green wood. Taxa containing higher wood densities have an economic 

advantage over taxa with lower wood densities.  

Most of the wood studies on pine hybrids indicate that they have intermediate 

wood properties when compared to the parental species, as was the case in this 

study for pulp yield. However, for wood density, as shown in this section, the hybrids 

had higher wood density than the parents in the Mahehle trial even though these 

differences were only significant with respect to the male parent P. tecunumanii. The 

wood density of the P. patula x P. tecunumanii hybrid was smaller than that of the 

two parents but not significantly different to that of P. patula in the Usutu hybrid trial. 

Nikles (1989) and Harding (1990), cited by Toon (2004), reported significantly higher 
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wood density for a P. caribaea var. hondurensis x P. tecunumanii hybrid than the 

wood densities of the parent species at nine years of age. Although the reason for 

this result is not clear, the outcome could be compared with what happened to the 

wood density of P. taeda in response to thinnings in Argentina. Studies there have 

shown that pine trees exhibiting faster growth after thinning had higher wood density 

as a consequence of a larger latewood percentage (Pezzutti 2011). The pine hybrids 

grew faster in this study than the pure species, with higher proportions of latewood 

and greater wood density.  

Some trees that are representative of the average wood densities obtained 

for all the trees within each taxon in this study, are illustrated in Figures 2-19 and 2-

20.  

 

 
Figure 2-19. Samples of representative trees illustrating the wood density profile of 

average values for Pinus tecunumanii, P. taeda, and P. taeda x P. 
tecunumanii with the X-ray densitometer.  
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Figure 2-20. Samples of representative trees illustrating the wood density profile of 
average values for Pinus tecunumanii, P. greggii, and P. greggii x P. 
tecunumanii with the X-ray densitometer.     

 

Typical graphs illustrating increases in the density profile from pith to bark, 

from ring 3 to ring 11, for different taxa are shown in Figures 2-21 and 2-22. Figures 

2-21 and 2-22 exhibit the expected variation of radial wood density, which 

continuously increases with age. Within the range of ages during which radial 

variation of wood density was studied, it is evident that the difference between the 

wood densities of the hybrids holds with respect to the density of the pure species.  
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Figure 2-21. Increase of average wood density from ring 3 to 11 for P. taeda, P. 

taeda x P. tecunumanii and P. tecunumanii as measured by the X-ray 
densitometer.  

 

 
Figure 2-22. Increase of average wood density from ring 3 to 11 for P. greggii, P. 

greggii x P. tecunumanii and P. tecunumanii as measured by the X-ray 
densitometer.  
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Pulp Bleaching 

Pulp bleaching was included in this effort to characterize pine hybrids and 

their parent species; one purpose was to discover the possible brightness level of 

premium ink-jet paper in every taxon. The pulp and paper industry is interested to 

learn more about the use of softwood hybrids for writing and printing paper. The 

bleaching process is expensive because it is capital-intensive and requires costly 

chemicals, as is shown in the economic analysis included later in this chapter. In this 

case, the method used for bleaching resulted in the removal of lignin in the pulp after 

leaving the digester. Because the average Kappa number after cooking the chips 

was 26, the lignin content to be removed from the pulp was 3.9%. The chemical 

sequence used for bleaching was O D0 P D1 (oxygen, chlorine dioxide, peroxide and 

chlorine dioxide). The results measuring brightness after the bleaching process are 

presented in Table 2-9.  

 

Table 2-9. Brightness for different softwood taxa under the standard %GE.  
Trial Taxon Brightness %GE 

Mahehle P. greggii x P. tecunumanii 88.3 
 P. greggii 90.4 
 P. tecunumanii HE 89.7 

Mahehle P. taeda x P. tecunumanii 88.8 
 P. taeda 88.6 
 P. tecunumanii HE 89.7 

Usutu hybrid P. patula x P. tecunumanii 90.1 
 P. patula  88.4 

Usutu progeny P. tecunumanii LE 88.2 
 P. patula 89.0 
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The level of brightness required for premium ink-jet paper varied between 85 

and 92% GE. All the taxa tested for brightness in this study fell in the upper part of 

this range, with values ranging from 88.2 to 90.4. The P. greggii and P. patula x P. 

tecunumanii brightness values were over 90%. All the pine species and their hybrids 

assessed in this study showed high levels of brightness that rendered them suitable 

for the production of white paper.   

Fiber Quality Analysis and Hand Sheet Properties 

Fiber Properties 

The main results obtained for fiber length and fiber width, as measured by the 

fiber quality analyzer, are depicted in Table 2-10. The fiber length and fiber width of 

the three taxa in the two Usutu trials were greater than those of the other taxa in the 

Mahehle trial, with P. tecunumanii showing the highest value. It is possible that 

different fiber sizes of P. tecunumanii between the two sites resulted from distinct 

environmental conditions and the genetic quality of the material.  

The fiber properties of pine hybrids are not consistent with respect to the fiber 

properties of the parent species. The P. greggii x P. tecunumanii hybrid was 

intermediate in fiber length and fiber width between P. greggii and P. tecunumanii. 

The fiber length of P. taeda x P. tecunumanii was shorter than that of both parents, 

while the fiber width was the same as that of P. taeda. The fiber width of P. patula x 

P. tecunumanii showed intermediacy, whereas the fiber length demonstrated the 

same short fibers as the P. patula. Although fiber property variations within the same 
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trial were relatively small in general, there were significant differences among taxa at 

a 99% confidence level, as shown in Table 2-10.  

 

Table 2-10. ANOVA for fiber length and fiber width of 8 taxa in the Mahehle and 
Usutu trials.  

  

Trial Taxon Duncan 
Mean 

FL 
(mm) 

SE 

 

Taxon Duncan 
Mean 
FW 

(µm) 
SE 

Mahehle P. tec HE A 2.42 0.01333  P. tec HE A 35.5 0.24958 

 P. taeda    B 2.34 0.00758  gre x tec A 34.9 0.29545 

 gre x tec    B 2.32 0.01418  P. greggii     B 32.6 0.61695 

 P. greggii       C 2.27 0.01619  P. taeda     B 32.1 0.20565 

 tae x tec          D 2.20 0.00554  tae x tec     B 32.1 0.18484 

          

Usutu hybrid P. patula A 2.71 0.02632  pat x tec A 37.8 0.21360 

 pat x tec A 2.70 0.02323  P. patula     B 36.0 0.30104 

          

Usutu 
progeny 

P. tec LE A 3.07 0.02452  P. tec LE A 42.0 0.16520 

 P. patula     B 2.74 0.00665  P. patula     B 35.6 0.30957 

 

 

Hand Sheet Properties 

The variation of hand-sheet properties was assessed at three levels of 

refining in this study, and the results are presented in Table 2-11. In this table, 

several findings are worth noting. As expected, the tensile strength and burst 

properties varied in the same direction, while the tear strength varied in the opposite 

direction. As the level of fiber-refining increased, the tensile strength and the burst 

values increased, while the tear strength decreased. An increase in the level of 

refining also resulted in lower values for pulp freeness and sheet thickness (caliper). 

The highest tensile strength values, over 85 KNm/Kg at 3,000 rpm, were for the P. 
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tecunumanii in Mahehle and the two P. patula in Usutu, while the lowest tensile 

strength values below 50 KNm/Kg at 1,000 rpm were for P. taeda and P. taeda x P. 

tecunumanii in Mahehle, P. tecunumanii in Usutu and the P. taeda market pulp. Tear 

strength was high for the two P. patula in Usutu, the P. taeda and P. tecunumanii in 

Mahehle, and the P. taeda market pulp, with index values over 13.8 mN/(g/m2) at 

3,000 rpm. The lowest tear indices were below 7.2 mN/(g/m2) at 1,000 rpm for P. 

greggii, P. greggii x P. tecunumanii and P. taeda x P. tecunumanii in Mahehle. 

Pearson Correlation Coefficients (PCC) using SAS 9.3TM were generated for 

the results in Table 2-12. Freeness was highly correlated with most of the hand-

sheet and fiber properties. It showed negative correlations with tensile strength and 

burst, but positive correlations with the rest of the values, including fiber length and 

fiber width. Fiber length and fiber width correlated strongly with r = 0.90, meaning 

that the longest fibers were also the widest ones. Tear strength was associated with 

the fiber properties; longer and wider fibers had greater tear strength, with 

correlations of 0.79 and 0.54 respectively, as illustrated in Table 2-12. Bulky hand 

sheets showed a greater tear resistance than hand sheets made with more refined 

fibers, which shortens fibers and produces denser sheets. 

In order to compare hand sheet properties among the different taxa with 

respect to P. taeda market pulp, the tensile strength values were calculated at the 

same value of tear strength (see Figure 2-23).   
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Table 2-11. Hand sheet properties for different levels of refining and freeness.   

 

Trial Taxon 
Refining 
(RPM) 

Freeness 
Tear Index 
(mN/(g/m2) 

Tensile 
(KNm/Kg) 

Burst 
Index 

Thickness 
(µm) 

Basis 
weight 
g/m2 

Mahehle P. gre x 
P. tec 

1000 510 8.0 65.8 5.8 NA* NA* 

  2000 473 7.7 68.3 6.3 106.0 65.0 

  3000 411 7.1 68.7 6.8 108.0 67.2 

 P. greggii 1000 570 10.4 54.7 5.1 NA 65.4 

  2000 480 8.7 58.7 6.5 NA 67.5 

  3000 405 6.8 64.0 6.9 94.0 67.8 

 P. tae x 
P. tec 

1000 545 9.5 49.2 4.3 114 64.5 

  2000 501 8.6 61.7 5.6 100 65.4 

  3000 382 6.8 64.9 6.4 98 66.0 

 P. taeda 1000 643 13.8 48.3 4.1 126 65.6 

  2000 575 10.9 56.1 5.1 104 66.1 

  3000 520 9.7 58.0 5.6 95 64.5 

 P. tec HE 1000 593 12.2 65.6 5.2 119 71.3 

  2000 479 9.0 81.2 6.5 108 70.5 

  3000 285 8.0 92.0 7.1 96 68.9 

         

Usutu 
hybrid 

P. pat x 
P. tec 

1000 671 12.0 51.3 4.3 142 70.0 

  2000 565 9.3 59.8 5.6 114 67.5 

  3000 478 8.1 66.7 6.4 112 70.2 

 P. patula 1000 625 17.6 58.4 5.3 123 67.7 

  2000 568 12.8 73.5 6.8 110 66.8 

  3000 481 9.5 85.7 7.3 100 67.8 

         

Usutu 
progeny 

P. tec LE 1000 683 17.4 45.8 3.4 137 71.3 

  2000 636 14.0 63.2 5.3 124 70.5 

  3000 549 10.4 65.3 6.3 112 68.9 

 P. patula  1000 652 14.0 72.0 5.4 127 67.7 

  2000 423 9.2 92.3 7.5 113 71.2 

  3000 316 8.5 98.8 7.5 111 73.5 

         

 Mkt. pulp 
tae 

1000 659 14.3 45.3 3.8 147 68.9 

  2000 482 11.1 65.4 5.1 118 69.1 

  3000 387 10.4 66.8 5.3 127 72.4 
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Table 2-12. Correlation coefficients for fiber and hand sheet properties of pulp with 
values over 0.50. All correlations are statistically significant at the 5% 
level. 

Property Fiber 
length 

Fiber width Tensile  Tear Burst Thickness Freeness 

Fiber length 1.00 0.90 - 0.79 - - 0.79 

Fiber width  1.00 - - - - - 

Tensile strength   1.00 - 0.85 - -0.70 

Tear Strength    1.00 -0.68 0.74 0.79 

Burst     1.00 -0.74 -0.78 

Thickness      1.00 0.67 

 

 

    

Figure 2-23. Comparison of hand-sheet tensile strength among six different taxa at  
the same tear index value (8.0 mN/(g/m2) in the Mahehle trial.  

 
 

The tensile strength at the same value of tear index (8.0 mN/(g/m2) for P. 

greggii and P. taeda x P. tecunumanii was estimated through an interpolation 

between the strength values at two different levels of refining (3,000 and 5,000 rpm) 

for these two taxa. This calculation assumed a straight line between the tear 
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strength values. In the case of the Mahehle trial P. taeda and the P. taeda market 

pulp, the tensile strength value was obtained through an extrapolation. Because the 

lowest tear strength index for this taxon in both cases was greater than 8.0 

mN/(g/m2), the calculation was made following the trend of the tear strength line 

between the two highest values of refining (3,000 and 5,000 rpm). In the results 

shown in Figure 2-23, the tensile strength of the P. tecunumanii high elevation in 

Mahehle was 28% superior to the P. taeda market pulp, which was nearly 9% 

superior to the P. greggii x P. tecunumanii hybrid. This finding is consistent with the 

high tensile values obtained for P. tecunumanii at the three levels of refining in the 

Mahehle trial. Among the other taxa, the variation of tensile strength was small. The 

values for the pine hybrids were intermediate to those of the parent species, but they 

were much closer to those of the mother with the lowest values of tensile strength.             

Market pulp from unknown P. taeda available in the lab was used to compare 

the hand-sheet properties with those of the taxa assessed in this study. It is very 

likely that the market pulp tested in the study came from old trees of P. taeda in the 

southeastern United States because rotation length in the region is over 18 years. 

Because of the longer rotation, the percentage of mature wood should be high, 

improving the values of the hand-sheet properties with respect to those of the 

younger tropical and subtropical pines. It is true that the market pulp was dried 

before testing its properties, bringing the issue of hornification of fiber lumen and cell 

walls and the consequent decrease in the pulp properties. It is difficult to guess the 

opposite effect of maturity and hornification on the pulp properties, but it is assumed 
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that their values are similar and that the market pulp measured is comparable to the 

pulp produced with the taxa of this study. Comparing samples of never-dried pulp 

from the HD chest to the market pulp from the same source might have answered 

this question, but such a procedure may not have been feasible.  

Summary Traits by Hybrid   

Tables 2-13, 2-14, and 2-15 show a summary of the wood and pulp traits by hybrid. 

The most frequent position of hybrid traits with respect to those of their parents is the 

intermediacy for the three pine hybrids, and in a few cases, the position was above 

or below. The traits that were consistently intermediate for the three hybrids were 

pulp yield, galactans content, fiber width, and burst index. The only common trait 

that was always below that of the hybrid parents was tear. For the rest of the traits, 

there was no consistency in the three hybrids. Intermediacy for traits of the hybrids 

was more frequent when the differences were statistically significant with respect to 

the traits of at least one of the parents. For P. greggii x P. tecunumnaii, the 

galactans content, unscreened pulp yield, fiber length, and fiber width were 

intermediate and statistically different from one or both parents. The wood density 

was above that of the parents, and the cellulose and mannans content were below. 

For P. taeda x P. tecunumanii, the intermediate traits with significant differences 

were the xylans, arabinans, and galactans content, as well as the unscreened pulp 

yield and fiber width. The wood density was superior, and the fiber length, cellulose, 

and mannans content were below. Intermediate significant different traits for P. 

patula x P. tecunumanii were the cellulose and galactans content, screened and 
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unscreened pulp yield, and fiber width. Mannans content was above, and wood 

density and fiber length were below. For the three hybrids, the value of the hybrid 

trait was closer to that of the female parent in 70% of the cases or more. 

 

Table 2-13 Relative position of the P. greggii x P. tecunumanii hybrid traits with 
respect to its parents.   

Type of trait Name of trait 
Position with respect to parents 

Difference** 
Interm* Above Below Equal Towards 

Chemistry 

cellulose   yes  P. greggii S - 2 parents 

lignin yes    P. greggii NS 

mannans   yes  P. greggii S – 1 parent 

xylans yes    P. greggii NS 

arabinans    yes both parents NS 

galactans yes    P. greggii S - 2 parents 

Pulp Yield 
screened PY yes    P. tec HE NS 

unscreened PY yes    P. greggii S – 1 parent 

Wood Density wood density  yes   P. greggii S – 1 parent 

Bleaching brightness   yes  P. tec HE N/A*** 

Fibers 
fiber length  yes    P. greggii S – 2 parents 

fiber width yes    P. tec HE S – 1 parent 

Hand sheets 

tensile yes    P. greggii N/A 

tear   yes  P. greggii N/A 

burst yes    P. tec HE N/A 

thickness  yes   P. tec HE N/A 

basis weight   yes  P. greggii N/A 

*Interm = Intermediate, includes cases when the hybrid has the same value of one of 
the parents.  
**Difference = Significant: S and No Significant: NS with respect to one or both 
parents. 
***Non-applicable.   
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Table 2-14. Relative position of the P. taeda x P. tecunumanii hybrid traits with 
respect to parents.   

Type of trait Name of trait 
Position with respect to parents 

Difference*
* Interm* Above Below Equal Towards 

Chemistry 

cellulose   yes  P. taeda S – 1 parent 

lignin   yes  P. tec HE NS 

mannans   yes  P. taeda S – 1 parent 

xylans yes    P. taeda S – 2 parents 

arabinans yes    P. taeda S – 1 parent 

galactans yes    P. tec HE S – 2 parents 

Pulp Yield 
screened PY yes    P. taeda NS 

unscreened PY yes    P. taeda S – 1 parent 

Wood Density wood density  yes   P. taeda S – 1 parent 

Bleaching brightness yes    P. taeda N/A*** 

Fibers 
fiber length    yes  P. taeda S – 2 parents 

fiber width yes    P. taeda S – 1 parent 

Hand sheets 

tensile yes    P. taeda N/A 

tear   yes  P. tec HE N/A 

burst yes    P. tec HE N/A 

thickness   yes  P. tec HE N/A 

basis weight yes    P. taeda N/A 

*Interm = Intermediate, includes cases when the hybrid has the same value of one of 
the parents.  
**Difference = Significant: S and No Significant: NS with respect to one or both 
parents. 
***N/A = Non-applicable.   
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Table 2-15. Relative position of the P. patula x P. tecunumanii hybrid traits with 
respect to parents.   

Type of trait Name of trait 
Position with respect to parents 

Difference** 
Interm* Above Below Equal Towards 

Chemistry 

cellulose yes    P. patula S – 1 parent 

lignin    yes both NS 

mannans  yes   P. tec HE S – 1 parent 

xylans  yes   P. patula N/A*** 

arabinans  yes   both NS 

galactans yes    P. patula S – 1 parent 

Pulp Yield 
screened PY yes    P. patula S – 1 parent 

unscreened PY yes    P. patula S – 1 parent 

Wood Density wood density   yes  P. patula S – 1 parent 

Bleaching brightness  yes   P. patula N/A 

Fibers 
fiber length    yes  P. patula S – 1 parent 

fiber width yes    P. patula S – 2 parents 

Hand sheets 

tensile   yes  P. patula N/A 

tear   yes  P. patula N/A 

burst yes    P. tec HE N/A 

thickness  yes   P. tec HE N/A 

basis weight yes    P. tec HE N/A 

*Interm = Intermediate, includes cases when the hybrid has the same value of one of 
the parents.  
**Difference = Significant: S and No Significant: NS with respect to one or both 
parents. 
***N/A = Non-applicable.   
 

 



 

101 

Section Two: Financial Assessment 

Introduction 

South Africa’s forestry economy depends on plantation forestry, yet it is also a 

very dry country with limited possibilities for plantation expansion. Thus, productivity 

is a key to global competitiveness. Optimizing site, genetics, and silviculture is 

challenging but critical. Wood accounts for over 40% of the manufacturing cost of 

pulp. Very few studies have tried to address this problem. Lopez et al. (2009) 

studied the effects of growth, wood density, and lignin content on financial 

performance of a pulp mill with commercial clones of eucalypts in Brazil, but nothing 

related to softwood species. Peter et al. (2007) quantified the potential value of trees 

with improved growth, wood, and fiber properties for linerboard production in the 

southeastern United States, but only P. taeda was studied without comparison with 

other taxa.  Extensive research has been conducted in an effort to find ways to 

increase the profitability of plantation forestry by reducing the lignin content in wood, 

but no studies on the financial impact of the lignin issue have been reported in the 

literature. Low lignin content in wood chips might mean more cellulose available as 

fiber and probably less chemical consumption in the digester, but lignin is also a 

valuable source of energy in the pulp mill. Which is better, having more lignin for 

energy generation or less lignin for pulp production? The forestry community has 

also discussed the relative effects of tree growth and wood density on returns of 

pulpwood. Which one of these variables has a larger financial impact on pulp 

production?  
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This chapter seeks to answer these questions by exploring the economic 

potential of several pine hybrids and their parental species for the pulp industry in 

South Africa. Based on the results of the detailed analysis made in the first part of 

this chapter and in the first chapter, enough data are now available to perform the 

financial assessment. The characterization accomplished so far for the pine taxa in 

this study illustrates the potential growth at the optimal rotation age, the wood 

density, the wood chemical composition, and the pulp yield for unbleached pulp. 

This study pursues the following objectives: (a) to determine how the different 

properties of five taxa, two hybrids and three pure species, influenced the financial 

returns of a pulp mill investment, and (b) to measure the sensitivity of this investment 

to variation in the value of the properties. 

This financial assessment is based on a typical South African pine plantation 

that produces pulpwood for use as raw material for the kraft chemical pulp mill. Two 

scenarios were analyzed, one for a manufacturing process with a pulp dryer capacity 

bottleneck, and another one with an operational constraint on the thermal capacity of 

the recovery boiler. The bleached pulp was assumed to be sold as market pulp in 

the export market.  

Materials and Methods 

Basic Information  

Plantation growth, wood properties, and pulp properties for the three pine species 

and their hybrids are depicted in Table 2-16. These values are part of the results 

obtained in chapter one and first part of chapter two of this study, where they were 
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explained in detail.  Although the differences in the values of wood and pulp 

properties do not look very great, they could be large enough to make important 

financial differences in pulp mill production. Pinus taeda exhibits the lowest MAI, the 

highest lignin content, and the lowest pulp yield, suggesting that this taxa will have 

the worst financial performance. The hybrid P. greggii x P. tecunumanii has high 

growth, high density, and high pulp yield, so strong performance should be expected 

from it.  Pinus greggii and P. tecunumanii have a slower growth and lower density 

than those of P. taeda x P. tecunumanii, but they are in the top range of pulp yield. 

In the results section below, the sensitivity analysis of the net present value (NPV) to 

changes in the wood density, MAI, and pulp yield will be shown under two different 

scenarios. Highlighted cells in Table 2-16 indicate values that are above average for 

the property of all the taxa and below the average in the case of the lignin content.  

 

Table 2-16. Mean annual increment (MAI), lignin content, wood density and pulp 
yield obtained for five pine taxa in South Africa. Shaded cells show 
superior property values to those of the taxa averages.  

Taxa P. greggii  x      
P. tecunumanii 

P. greggii 
(unimproved) 

P. 
tecunumanii  

P. taeda  x       
P. tecunumanii 

P. taeda Average 

MAI 
(m3/ha/year) 

32.1 26.8 23.2 27.6 19.8 25.9 

Lignin (%) 29.2 28.9 29.8 29.3 30.0 29.4 

Density 
(ton/m3) 

0.390 0.376 0.362 0.392 0.377 0.379 

Pulp yield (%) 43.7 43.3 43.7 42.5 42.1 43.1 
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Technical and Economic Model of Pulp Mill 

A comprehensive and detailed model developed at NCSU was used to 

measure the effects of wood and pulp properties as well as plantation growth on the 

profitability of a hypothetical pulp mill in South Africa. This is a model in which all the 

technical and economic variables taking part on the manufacturing process of a pulp 

mill are very well represented. According to Lopez et al. (2009), “The model is based 

on extensive review of published mill investment reports over many years, and 

allows estimation of the capital cost, by each mill department, as a function of scale 

and startup year” (Page 57).  

Following is a description of the assumptions for the current study. Startup 

years were set in years 2016 and 2017, and the cash for the mill construction was 

disbursed from 2013 to 2016. Operation at full capacity is reached at year 2020. The 

model assumed the presence of the modern technology of a world-class mill, with 

high productivity and reliability. The mill’s energy sources were black liquor, bark, 

and sawdust from the chipper. Capital re-investment of 0.5% of the replacement 

asset value was made every year to improve productivity and reduce costs. A 

Modified Accelerated Cost Recovery System (MACRS) was used for depreciation. 

The life of the project was set at 10 years after the startup year for financial 

evaluation purposes. Taxes and inflation were included in the calculations. The net 

present value (NPV) at a 12% discount rate was calculated for the free cash flow of 

the project life to compare financial differences among the different species and 

hybrids assessed. The internal rate of return was also calculated in the financial 
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analysis. Finally, at the end of the ten-year period, a terminal value of five times the 

EBITDA in year 2026 was added to the free cash flow for financial evaluation 

purposes. This value is theoretically equivalent to the sales value of the mill.  

Among the main technical features of the model, the user can set the power 

plant pressure and configuration, the bleaching sequence, chemical use and costs, 

production levels, thermal values, and required labor and compensation. Some of 

the main outputs of the model are cost per ton of pulp, free cash flow, investment 

NPV, and internal rate of return (IRR). 

Production Constraint Scenarios 

In the present study, two pulp production scenarios were evaluated. The first 

scenario was a pulp mill with a pulp dryer capacity constraint of one million tons of 

dry pulp per year. Independent of the species used, the pulp production was always 

constant. The second scenario was characterized by a pulp mill in which the major 

constraint or bottleneck in the manufacturing process was the recovery boiler. This 

was a significant constraint because in the pulp mill, generation of energy is a very 

important part of the chemical recovery system. The black liquor solids made out of 

chemicals and organic residues left over from the cooking step and consolidated 

through the evaporators (consistency of 75-80% of solids) have a high calorific value 

that is used for steam production in the recovery boiler. The recovery boiler capacity 

can be constrained by hearth heat release, expressed as Gj per m2 hearth cross-

sectional area (Lopez et al 2009). This second scenario assumes that the black 

liquor solids flow per air dry metric ton (admt) of pulp production is the limiting factor 
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for all the taxa. The leftover material obtained after burning the black liquor in the 

recovery boiler, which is called the green liquor, contains all the chemicals to be 

reused in the manufacturing process. 

Forest Model 

The forest model used in this study included purchased land, establishment 

and management costs under a pulpwood management regime, harvesting and 

transportation costs, administrative costs, taxes, and depletion costs. The land and 

plantation establishment started 12 years in advance of the planned mill startup, and 

its main purpose was the supply of raw material to the mill. The forest plantation was 

treated as a profit center separate from the pulp mill. The transfer price of the 

pulpwood was set so that the woodlands division made the same 12% interest rate 

that the mill did. If the transfer price were lower, then the forestry division would be 

subsidizing the pulp mill.  

Results and Discussion 

Cost Per Ton of Pulp 

One of the important outputs of the pulp mill model is the detailed cost per ton 

of market pulp produced under every scenario. As an example, Table 2-17 depicts 

production cost per ton of pulp produced with P. greggii x P. tecunumanii wood at a 

level of production of 1,000,000 tons of pulp per year.  

The total cost per ton included all the production and administrative costs, while the 

cash cost at the mill only included production costs (Direct costs + Indirect costs – 

Depreciation, Freight, and Overhead). The fiber cost was about 60% of the total 
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cash cost at the mill. Every effort directed to increase the forest productivity and 

reduce the raw material cost is very significant to increase the competitiveness of 

the market pulp business in South Africa.   

 

Table 2-17.  Detailed manufacturing costs per ton of P. greggii x P. tecunumanii pulp 
for a level of production of 1,000,000 tons per year (projected at year 
2020).   

Cost component  Cost in US$ 

Cost per finished ton 694.3 

Direct cost 407.9 

Freight 90.0 

Fiber 254.1 

Chemicals 55.2 

Energy 4.8 

Finishing materials 3.8 

Indirect costs 286.4 

Maintenance  63.2 

Labor (excluding repair) 9.5 

Operating materials 7.6 

Other mill fixed costs 22.7 

Depreciation 124.6 

Overheads 58.8 

Cash cost at the mill 420.9 

Freight  90.0 

Depreciation 124.6 

Overhead 58.8 

 

 

The unit cost per ton of pulp would be affected by the level of pulp production 

in the mill. The raw material cost would vary according to the stumpage value, 

harvesting cost, hauling cost, and administrative costs for every taxa. Obviously, 

species with faster growth, greater wood density, and superior pulp yield would be 
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more profitable. Lower production rates in the mill would increase the weight of fixed 

manufacturing costs on the unit cost of the finished product. This was the case when 

bottlenecks in the manufacturing process limited output levels in the mill.  

For comparison purposes, Table 2-18 depicts the cost per ton of pulp 

produced with pulpwood supplied from P. taeda commercial plantations in South 

Africa.  With the level of pulp production being equal (1,000,000 tons), the main 

difference in unit costs comes from the raw material.  

 

Table 2-18. Detailed manufacturing costs per ton of P. taeda pulp for a pulp 
production of 1,000,000 tons per year at year 2020.   

Cost component  Cost in US$ 

Cost per finished ton 833.9 

Direct cost 538.9 

Freight 90.0 

Fiber 382.5 

Chemicals 57.5 

Energy 5.1 

Finishing materials 3.8 

Indirect costs 294.9 

Maintenance  67.6 

Labor (excluding repair) 10.0 

Operating materials 7.6 

Other mill fixed costs 24.2 

Depreciation 126.9 

Overheads 58.8 

Cash cost at the mill 558.2 

Freight  90.0 

Depreciation 126.9 

Overheads 58.8 
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In the case of P. taeda, its slow growth and its other poor properties caused 

the fiber cost for the species to go up to 69% of the cash cost at the mill. The total 

unit cost of the finished product went from US$694 to US$834 per ton, an increase 

of 20%. Obviously, this great difference in manufacturing costs implies a huge 

difference in profits (loss), particularly in this business, in which the margin for 

market pulp is not high. In the results section below, the magnitude of profitability 

obtained with different taxa will be specified. 

Wood Cost 

As a method to account for wood delivered at the mill gate, the cost per bone-

dry ton (BDT) is more accurate than the cost per green ton. The BDT includes the 

wood density and is calculated as the product of wood volume multiplied by the 

wood density. Obviously, for the same volume of wood delivered to the mill, species 

or trees with greater wood density provide a larger amount of fiber at lower unit 

costs. 

The wood costs per BDT examined in this study are depicted in Figure 2-24. 

The two pine hybrids with fast volume growth and high wood density were more 

efficient in the conversion of green volume of wood to fiber than the pure species 

with lower wood density and lower mean annual increment. The major differences in 

the wood cost (US$/BDT) are given for the variable tree growth and wood density 

among taxa. Based on the model, when much more wood has to be supplied under 

one of the two scenarios, the transportation distance is larger, and the wood cost is 

greater. In this case, there are no differences in wood cost for the same taxon 
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between the two production scenarios because the hauling distance is the same, 

even though there are some differences in the amount of wood required.  

 

 

Figure 2-24. Wood cost delivered at mill gate for all taxa in US$ per BDT under the 
two scenarios assessed in this study.  

 
 

Pulp Production 

Results of pulp production under the two scenarios considered in this project 

are illustrated in Figure 2-25. When the pulp dryer is the bottleneck in the 

manufacturing process, the pulp mill outcome at full capacity is 1,000,000 tons per 

year. In this case, as illustrated previously, all of the taxa can achieve this level with 

different input costs.  In the second scenario, when the thermal value generated by 

111 
123 

129 

147 

161 

111 
123 

129 

147 

161 

 -

 20

 40

 60

 80

 100

 120

 140

 160

 180

P. greggii x P.
tecunumanii

P. taeda x P.
tecunumanii

P. greggii P. tecunumanii P. taeda

Wood Cost at Mill Gate (US$/BDT)

Constant Pulp Constant Recovery



 

111 

the black liquor was limited by the capacity of the recovery boiler, the lignin content 

of the species and hybrids examined in this study became crucial. In order to assess 

the maximum potential difference in pulp production and economic performance by 

taxon, the thermal value of P. greggii x P. tecunumanii, which is the lowest of all the 

taxa, was set as the maximum capacity of the recovery boiler.  

 

 

Figure 2-25. Annual production rates of market pulp for all taxa under the two 
scenarios assessed in this study.  

 

Under this restriction, the pulp production decreased for those taxa with 

higher lignin content. As seen in Figure 2-25, P. taeda had the highest lignin content 

and the lowest production, while P. greggii had the least lignin content and the 

second-highest production level under the constant recovery constraint. The lignin 
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content of the taxon is important in this case, but other factors are also important. 

The calorific value of the solids in the black liquor not only comes from the 

carbohydrates present in lignin, but also from the other constituents of wood, such 

as hemicellulose and cellulose that degrades during the cooking phase. The other 

factors might explain why P. taeda x P. tecunumanii, with lower lignin content than 

P. tecunumanii, has a lower pulp production.  

Financial Results under Two Scenarios 

Profitability  

The financial performance of all the taxa are illustrated in Figure 2-26. The 

profitability of each taxon is different across the two scenarios. One exception is the 

P. greggii x P. tecunumanii hybrid, which was selected to be the base for constant 

pulp production and constant recovery. The results showed the relative effect of 

volume growth, wood density, and pulp yield under the two scenarios. Although the 

ranking for financial performance did not change for all the taxa between the two 

scenarios, the profitability for all the taxa decreased as a consequence of the 

recovery boiler constraint. As seen in the graph, the NPV at 12% discount rate was 

negative for all the taxa, which means that the investment is not feasible in the 

conditions that were analyzed. The project may not appear attractive to investors 

under the given conditions; the sensitivity of these results is explored later.   
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Figure 2-26. Net present value at 12% discount rate for all taxa as a function of the 
production constraint scenarios.  

 

The least negative NPV belonged to the Pinus greggii x P. tecunumanii 

hybrid, which had the fastest growth as well as high wood density, one of the greater 

pulp yields, and relatively low lignin content. On the opposite side, the least 

profitable species was P. taeda, which had the lowest volume growth, the lowest 

pulp yield, the greatest lignin content, and moderate wood density. However P. 

taeda x P. tecunumanii, with a higher lignin content and a lower pulp yield than P. 

greggii, was financially better because of its superior growth and wood density. A 

reduction of pulp production of 39,000 tons in P. taeda x P. tecunumanii, versus 

20,185 of P. greggii when the thermal restriction was in place (see Figure 2-25), was 

not large enough to overcome the financial effect of growth and wood density in the 

second scenario. In other words, the P. taeda x P. tecunumanii hybrid, with 18,815 
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fewer tons of pulp than P. greggii, was more profitable than P. greggii. The financial 

performance of P. tecunumanii was superior to that of P. taeda, with its only inferior 

attribute being the wood density.  

Two other interesting results were that, first, the output of P. taeda decreased 

by 98,920 tons of pulp with the thermal restriction, making a difference of US$18.5 

million in NPV. Second, it was seen that a huge difference in profitability is possible 

to obtain when planting two different taxa. The potential difference between the P. 

greggii x P. tecunumanii hybrid and P. taeda varies between -$658.5 million dollars 

(constant pulp) and -$677.1 million dollars (constant recovery). 

Capital Cost per Annual Ton 

The construction of a one-million-ton capacity bleached kraft pulp mill is close 

to a two billion dollar investment. The capital investment units are the wood yard, 

pulp mill, bleach plant, power plant, pulp dryer, and infrastructure. Capital efficiency, 

measured as capital cost per annual ton, was different for each taxon under the 

recovery boiler constraint, as shown in Figure 2-27. Capital efficiency varied 

proportionally to pulp production. The more efficient taxon was the P. greggii x P. 

tecunumanii hybrid, while the least efficient was the P. taeda. 

Because more pulp was produced from P. tecunumanii than from P. taeda x 

P. tecunumanii with the thermal value restrictions, the capital efficiency of the former 

was greater than that of the latter, even though the P. tecunumanii NPV was smaller. 

When pulp production was constant, all the taxa were equally capital-efficient. 
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Figure 2-27. Capital cost per annual ton of pulp production for each taxon.  

 

Sensitivity Analyses 

This section describes two kinds of sensitivity analyses of the NPV, one 

changing the conditions of the problem (value of capital investment, discount on 

sales price, prices, and discount rates), and the other changing the values of the 

wood properties and the volume growth of the five taxa. 

Sensitivity of NPV to Different Problem Conditions  

Savings in Capital Cost. Assuming that is possible to save 10% in the 

capital investment, the NPV at a 12% discount rate is depicted in Table 2-19. The 

average sensitivity of the NPV was 19%. However, the NVP is sensitive to changes 

in the capital cost, so the 10% savings was not enough to turn this into an attractive 

investment. The NPV for all the taxa continued to be negative.   

 

1650

1700

1750

1800

1850

1900

1950

2000

P. greggii x P.
tecunumanii

P. taeda x P.
tecunumanii

P. greggii P. tecunumanii P. taeda

Capital Cost per Annual Ton of Pulp - year 2020 - (US$)

Constant Pulp Constant Recovery



 

116 

Table 2-19. Sensitivity of the NPV at a 12% discount rate to savings in capital cost of 
10% and no discount of 14% to the sales price of market pulp.  

Condition Taxon 

NPV (Million US$) 

Constant pulp Constant recovery 

Capital cost savings 10% 

P. greggii x P. tecunumanii --444 -444 

P. taeda x P. tecunumanii -561 -591 

P. greggii -649 -662 

P. tecunumanii -874 -890 

P. taeda -1,078 -1,101 

    

Capital cost savings 10% + no 
sales discount 14% 

P. greggii x P. tecunumanii -142 -142 

P. taeda x P. tecunumanii -229 -264 

P. greggii -281 -297 

P. tecunumanii -430 -454 

P. taeda -590 -659 

 

 

Discount given in sales price. A discount of 14% in the pulp sales price is a 

normal practice in the softwood bleached market pulp. Assuming that this discount is 

not given to the customer, in addition to the savings of 10% in capital cost, new 

results for profitability are shown in Table 2-19. This was still not an attractive 

investment, although there was a large improvement in the NPV. The mean 

sensitivity in this case, including the two new conditions, was 61%. Thus, with a 

decrease of 10% in capital cost plus the elimination of the 14% sales discount, the 

NPV increased to 61%.   

Prices. One of the main reasons for the low profitability of this industry in 

general is the low prices of the market pulp, both current and projected; this explains 

why there are few current projects worldwide building capacity. Sensitivity of the 

NPV to pulp prices is high. In order to determine which market price for pulp would 

allow producers to reach the break-even point for each taxon in the constant pulp 
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scenario, a sensitivity analysis was made. Results are presented in Table 2-20. In 

this case, neither capital cost savings nor elimination of the sales price discount 

were included in the analysis.  

  

Table 2-20. Price increase per taxon to reach the break-even point at constant pulp. 
  

Taxon Price increase to reach the 
break-even point (%) 

P. greggii x P. tecunumanii 32 

P. taeda x P. tecunumanii 37 

P. greggii 40 

P. tecunumanii 48 

P. taeda 54 

 

 

Discount rate. In order to see the discount rate’s effect on the profitability of 

the project, new calculations were made with a discount rate of 6%, keeping the 

other conditions of the project constant. The difference of the NPV at the two 

discount rates are shown in Table 2-21.  

The sensitivity to the discount rate was high when it was changed for the pulp 

mill and the forest plantation from 12% to 6%. A 6% change in the discount rate 

caused an 87% change in NVP on average for all the taxa under two scenarios. 

Only the two hybrids were profitable at constant pulp, and the P. greggii x P. 

tecunumanii hybrid at constant recovery with a 6% rate; the other taxa had negative 

NPV. 
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Table 2-21. Sensitivity of the project NPV to the discount rate.  

Condition Taxon 

NPV (Million US$) 

Constant pulp Constant recovery 

Disc. rate 12% 

P. greggii x P. tecunumanii -596 -596 

P. taeda x P. tecunumanii -732 -763 

P. greggii -823 -835 

P. tecunumanii -1,048 -1,063 

P. taeda -1,255 -1,273 

    

Disc. rate 6% 

P. greggii x P. tecunumanii 147 147 

P. taeda x P. tecunumanii 62 -4 

P. greggii -26 -57 

P. tecunumanii -227 -274 

P. taeda -400 -538 

    

 

A last hypothetical scenario will be presented before proceeding to the 

assessment of the sensitivity to the wood properties and volume growth at two 

different discount rates. This scenario combines the 10% capital cost savings, the 

elimination of the 14% discount on sales price, and the use of a 6% discount rate. 

The results are presented in Figure 2-28. For this new scenario, all the taxa give 

positive NPV, indicating that the project might be profitable under these new 

conditions. The graph gives rise to two main observations: first, there is a large 

difference in profitability among taxa, with more than US$450 million between P. 

greggii x P. tecunumanii and P. taeda; and second, there is a great difference in 

NPV between the two bottlenecks for all the taxa, except that for the P. greggii x P. 

tecunumanii.           
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Figure 2-28. Net present value under new scenario with 6% discount rate, capital 
cost savings of 10%, and no discount of 14% on sales price. 

 

Sensitivity of NPV to Wood Properties and Volume Growth 

The relative effects of the different taxon attributes on the profitability of the 

market pulp business will be determined for two different situations: (a) Discount rate 

of 12%, savings in capital cost of 10%, and no 14% discount in sales price; (b) 

Discount rate of 6%, savings in capital cost of 10%, and no 14% discount in sales 

price. In the first situation, all the NPV are negative, while in the second case, all the 

NPV are positive. In both cases, the sensitivity is calculated for the two scenarios: 

constant pulp and constant recovery.  

The results for a 12% discount rate are depicted in the following two graphs, 

Figures 2-29 and 2-30. Pinus greggii x P. tecunumanii was the selected taxon to 

show the sensitivity of the NPV to changes of ±10% on wood density, volume 

growth, and lignin content. 
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Figure 2-29. Sensitivity of the NPV at a discount rate of 12% to the wood properties 
and volume growth of P. greggii x P. tecunumanii under the constant pulp 
scenario.  

 
 
 

 
 
Figure 2-30. Sensitivity of the NPV at a discount rate of 12% to the wood properties 

and volume growth of P. greggii x P. tecunumanii under the constant 
recovery scenario.  

 

-195

-142

-101

-125
-142

-161

-250

-200

-150

-100

-50

0

0 0.5 1 1.5 2 2.5 3 3.5

P. greggii x P. tecunumanii sensitivity to wood properties and 
growth - Constant Pulp Scenario - NPV @ 12% DR

Density & Growth Lignin

-195

-142

-101
-124

-142

-213

-250

-200

-150

-100

-50

0

0 0.5 1 1.5 2 2.5 3 3.5

P. greggii x P. tecunumanii sensitivity to wood properties and 
growth - Constant Recovery Scenario - NPV @ 12% DR

Density & Growth Lignin



 

121 

At 12% discount rate, under the constant pulp production scenario in which 

one million tons of pulp are produced, the effect of wood density and volume growth 

were the same, and they had 2.6 times the influence of lignin content (Figure 2-29). 

This result is the expected one in this case because the lignin content is not limiting 

the pulp production in the mill. The results are different when the thermal value of 

the black liquor is a limiting factor in the recovery boiler. As depicted in Figure 2-30, 

the impact of ±10% change in lignin content decreased the effect of wood density 

and growth from 2.6 times to 1.1 times. Increasing the lignin content, the pulp yield 

was reduced, and obviously the amount of fiber output decreased.   

When a 6% discount rate was used for this analysis, the influence of the 

wood density and the volume growth was 2.9 times the influence of lignin content 

under the constant pulp scenario (Figure 2-31). When the recovery boiler was the 

bottleneck, the influence of lignin was 2.6 times that of the density and growth 

(Figure 2-32).  

 The relative weight of the different pine taxa attributes, when used as raw 

material for the market pulp industry, changed depending on the mill production 

bottleneck. Many pulp mills have production constraints, and probably the most 

common is the capacity of the recovery boiler. When the thermal value is the 

bottleneck in the mill, the lignin content has a stronger relative weight versus the 

mean annual increment and the wood density. 
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Figure 2-31. Net present value at 6% discount rate of P. greggii x P. tecunumanii 
under constant pulp production of one million tons per year.  

 

 

 
 
Figure 2-32. Net present value at 6% discount rate of P. greggii x P. tecunumanii 

under the constant recovery constraint. 
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Species Ranking  

In addition to the NPV, the internal rate of return (IRR) was also calculated for 

all situations under the two constraints when the wood transfer price was calculated 

at a 6% discount rate. Because the IRR was negative for four of the five taxa in the 

original situation (100% capital cost plus 14% discount on sales price), its value is 

not presented here. The IRR was positive for all taxa when savings of 10% in capital 

cost were applied without a 14% discount on sales price. The results are shown in 

Table 2-22.  

 

Table 2-22. Internal rate of return of five pine taxa for chemical pulp production 
(capital cost savings of 10% and no discount on sales price) under two 
scenarios.  

Taxa Constant Pulp IRR (%) Constant Recovery IRR (%) 

P. greggii x P. tecunumanii 12.6 12.6 

P. taeda x P. tecunumanii 11.9 11.3 

P. greggii 11.4 11.1 

P. tecunumanii 10.1 9.7 

P. taeda 8.3 8.0 

 

 

Using the two financial criteria (NPV and IRR) to rank the different taxa of this 

study, the best financial performer is revealed to be the P. greggii x P. tecunumanii, 

followed by the P. taeda x P. tecunumanii hybrid, the P. greggii, the P. tecunumanii, 

and the P. taeda. Although the recovery constraint drove the profitability of most 

species down with respect to constant production, the effect of the lignin content was 

not large enough to change the ranking of the taxa. In the two scenarios, the mean 

annual increment and the wood density apparently had a major effect on the 
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financial performance.  Thus, pine hybrids appear to be a promising option for 

increasing land productivity and the profitability of the pulp industry in some areas of 

South Africa. 
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APPENDIX A. MICRO KAPPA NUMBER PROCEDURE USED IN THIS STUDY TO 
MEASURE THE KAPPA NUMBER  

Lignin + KMnO4 +H2SO4 = Oxidized lignin 
To measure the Kappa number, we first have to weigh the required amount of pulp 
from an oven-dried pad. The amount of pulp that must be weighed out is:  
OD Weight of pulp = 50 / Expected Kappa Number 
You need to guess the expected Kappa number. If your guess is too far off, you may 
have to retry using another Kappa number later.   
After you weigh out the pulp, you will need to measure the amount of chemicals you 
need.  
Get 200 ml of distilled water in a plastic graduated cylinder.  
Pour approximately 150 ml into the beaker. Leave about 50 ml in a graduated 
cylinder.  
Put the pulp into the beaker. 
Blend for about one minute or so until all the pulp is evenly dispersed.  
Use approximately 25 ml of the water in the graduated cylinder to rinse out the 
blender.  
Use a squeeze bottle (if necessary) to transfer all the pulp. You have to make sure 
that all the pulp from the blender is in the beaker. 
Pipette 25 ml of 0.1 N KMnO4 into a 400 ml beaker 
Using a graduated cylinder, put 25 ml of 4NH2SO4 into the same beaker 
Place the 500 ml beaker containing the pulp on a stir plate and start the stirrer. The 
stirrer should run without sucking in too much air.  
Set the timer for 10 minutes.  
Add the KMno4 and the acid to the beaker and start the timer. Rinse out the beaker 
with the distilled water left in the graduated cylinder (approximately 25 ml). You may 
need to adjust the stirrer again.  
Measure out 5 ml of 1N KI.  
Record the temperature of the slurry after 5 minutes.  
After 10 minutes, add the KI to stop the reaction. Let the KI mix in completely. The 
solution is going to be dark brown.  
Now you are ready to titrate the amount of Iodine that has been liberated using 0.2N 
Na2S2o3.  
Fill the burette to the zero mark. Continue stirring. Add the Na2S2o3 in a steady 
stream until the solution becomes yellow. Add a squirt of starch until the mixture 
becomes dark blue.  
Continue titrating dropwise until the solution becomes colorless.  
Record the volume of the Na2S2o3.  
Clean all the beakers.  
You need to do a blank test next. Repeat the same procedure without the pulp. You 
do not need to run the reaction for 10 minutes.    
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CHAPTER 3: USE OF AN OPTIMIZATION MODEL TO ESTIMATE THE TRADE-
OFF BETWEEN PROFITS AND GENETIC DIVERSITY IN AN INTEGRATED 

BUSINESS OWNING A PULP MILL AND FOREST PLANTATIONS 

Introduction 

More than 500 million cubic meters of pulpwood are consumed every year for 

production of pulp and paper in the world, which is equivalent to 31% of all the 

industrial wood consumed per year (FAO 2008, cited by Raga 2009). In 2000, 35% 

of the world’s industrial demand for wood was supplied from forest plantations, and 

this figure is expected to rise to 40% by 2020 (Raga 2009). The integral 

management of forest plantations aims to produce wood for multiple products to 

maximum economic benefits. Forest plantations that are managed primarily for 

pulpwood production must maximize the wood productivity per ha at shorter 

rotations and less intensive management than plantations for sawtimber production. 

The pulp and paper industry, with its large capital investment, requires a continuous 

wood supply of raw material. This can be problematic in countries where the wood 

supply is limited and land purchase restrictions are in place. However, vertically 

integrated pulp companies managing their own plantations can address the 

challenge by looking at the entire business as one unit.  

Despite the need to maximize the profitability of integrated pulp mill with 

woodlands operations, optimization techniques for these operations have rarely 

been published. As this study shows, operational and economic variables from the 

mill and the forest can be combined into one model to help managers make 

informed decisions. This study offers an optimization model for maximization of both 
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profits and genetic diversity, using five pine taxa with different productivity and wood 

and pulp properties. The combination of different taxa for plantation forestry utilizes 

genetic diversity in a more efficient way, reducing the risk of pest and disease 

epidemics. Planting species with lower growth and inferior wood properties may help 

to increase plantation health, but at a cost. To determine weights for productivity and 

health (diversity), a taxa diversity index is presented in this document; the 

optimization technique is used to maximize the index based on operational and 

economic constraints. Plantations and mill restrictions influence the optimal solution 

generated by the model. The specific objective of this chapter is to demonstrate how 

the use of an optimization technique can be useful to measure the trade-off between 

total profits and the level of genetic diversity under real-world situations with 

operational, technical, and economic constraints. 

Materials and Methods  

Volume Yield, Wood Properties, Pulp Yield, and Other Variables.  

Information presented in the second chapter of this thesis was used for the 

analyses. Growth, wood, and pulp properties were assessed for five taxa at 12 years 

of age in a pine hybrid trial planted on forestry land owned by Mondi South Africa in 

Natal province, South Africa (Table 3-1).  

All the previous attributes of the five pine taxa were calculated from the 

measurement data and the procedures described in the materials and methods 

sections of chapters one and two. The rotation age for pulpwood production used in 

this analysis was 12 years, obtained from calculations made in the first chapter. The 
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pulp mill had a total production capacity of one million tons per year of dry, bleached, 

softwood kraft pulp. The pulp yield illustrated in Table 3-1 is for bleached pulp at a 

brightness level that varies between 88.2 and 90.4% (Standard %GE).  

 

Table 3-1. Growth, wood, and pulp properties for five pine taxa assessed in a pine 
hybrid trial at 12-years of age planted by Mondi South Africa. 

Growth & Wood Traits 

Hybrid Species Species Hybrid Species 

P. greggii  x    
P. tecunumanii  

P. greggii P. tecunumanii P. taeda x       
P. tecunumanii  

P. taeda 

Volume yield (m3/ha)  
VY  

385.1 321.7 278.8 331.0 237.8 

MAI (m3/ha/year)  MAI 32.1 26.8 23.2 27.6 19.8 

Lignin content (%)  L% 29.2 28.9 29.8 29.3 30.0 

Density (ton/m3)    WD 0.390 0.376 0.362 0.392 0.372 

Pulp yield (%)          PY 39.8 39.4 39.8 38.6 38.2 

 

 

Definition of the variables used in this analysis are as follows:   

  The Pulp Yield (PY) is the ratio of dry mass of pulp over dry mass of wood: 

PY =  (DMP/DMW) x 100              

Where:  DMW = Dry Mass of Wood and   DMP = Dry Mass of Pulp 

 Wood Specific Consumption (WSC) is calculated as:          

WSC = 1/(PY x WD)                

Where:  WD = Wood Density 

 The Bone-Dry Wood Mass (BDWM) is equal to the volume yield multiplied by 
the wood density, or equivalently to the dry pulp mass divided by the pulp 
yield: 

BDWM = VY x WD   or    BDWM = DMP/PY          
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Where:  VY = Volume Yield at rotation age   

 Solubilized Lignin Mass (SLM) in the pulp mill in the manufacturing process 
can be calculated as the bone-dry wood mass multiplied by the lignin 
percentage in the wood:  

SLM = BDWM x L%         

Where:  L%: Wood Lignin Content in % 

 Total Costs (TC) and Total Revenues (TR) were taken from the NCSU 
Technical and Economic Model (TEAM).  

Optimization Model  

The model employed examines five different cases using the growth and 

wood traits in Table 3-1 for the different pine taxa to maximize both profits and the 

diversity index, using several forestry and industrial constraints. The five different 

cases are assessed by the management of the company, using constraints and 

analyzing the output of the model for each one of them, as illustrated below:  

Case 1. The objective function is the maximization of profits. The pulp mill 

processes one million tons of dry pulp per year, and the recovery boiler has the 

capacity to burn 740,000 tons of lignin for energy production. A limit of 20,000 ha 

can be harvested per year. These are the three constraints of the first case: the 

recovery boiler capacity, pulp dryer capacity, and total planting area per year are all 

limiting production. The constraints type 1, 2 and 3 described below in this document 

are written this way:  

Constraint type 1: the pulp output = 1,000,000 tons per year. 

Constraint type 2: the amount of lignin solubilized ≤ 740,000 tons per year. 
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Constraint type 3: the total harvested area is ≤ 20,000 ha per year as defined 
in the strategic plan of the company. 

Case 2. The objective function is the maximization of profits. In addition to the 

previous constraints, limitations on labor and infrastructure for vegetative 

propagation of pine hybrids in the nursery, restrict production of rooted cuttings to 

the quantity required to plant 8,000 ha per year.  

Constraint type 4: the total area planted with one or both of the hybrids = 
8,000 ha.  

Case 3. The objective function is the maximization of profits. As company 

policy, it is established that diversification of species is necessary to reduce the risk 

of diseases. Based on this policy, the managers make the decision to plant at least 

1,000 ha of every taxon per year in addition to the limitations presented by 

constraints 1 and 2. Five more constraints are included in this case: 

Five constraints type 4: area by taxon ≥ 1,000 ha per year. 

Case 4. The objective function is the maximization of genetic diversity. The 

company decides to incorporate diversity by using a genetic index. Maximizing the 

value of the index maximizes the genetic diversity. The expression 1/∑DIi2 used by 

Lindgren et al. (1989) as a measure of genetic diversity will be used here. In this 

measure of genetic diversity, DIi is the relative frequency of the ith genetic taxon 

measured. The relative frequency is measured dividing the area used by the taxon 

over the total area harvested per year. There is only one case analyzed under this 

situation, including the same constraints described in all the other cases. 
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Case 5. The objective function is the maximization of profits. The maximum 

level of diversity will be reached when all the taxa are planted exactly in the same 

amount of ha. In this case, the optimization of diversity would reach the maximum 

index value.       

The total profits and costs of all cases will be compared to determine the relative 

value of diversification. 

Profit Maximization 

The objective functions for the three first cases is the maximization of profits 

from the five pine taxa with different wood density, pulp yield, and volume yield:   

𝑃𝑅𝐹𝑇𝑆 =  ∑ 𝑇𝑅𝑖 − 𝑇𝐶𝑖

5

𝑖=1

 

 Where PRFTS = Profits  

TRi = Total Revenues of taxon   “i" in $ 

TCi = Total Costs of taxon “i" in $  

Diversity Index Maximization 

The objective functions for the fourth and fifth cases is the maximization of a 

diversity index for the five different pine taxa:   

𝐷𝐼 =  1/ ∑(𝐷𝐼𝑖)^2

5

𝑖=1

 

Where DI = diversity index for the total area planted  

DIi = relative frequency of taxon “i” in the total area planted      
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The following are the forestry and industrial constraints to which the objective 

functions are submitted:   

1) Constraint type 1 (CT 1): Total dry mass of pulp produced per year ≤ or ≥ 

or = DMP*;           

∑ 𝑊𝐷𝑖 𝑥 𝑃𝑌𝑖 𝑥 𝑉𝑌𝑖 ≤ 𝐷𝑀𝑃 ∗ 5
𝑖=1                

Where: DMP* = dry mass of pulp in tons produced per year determined by 

the pulp dryer capacity                                                        

2) Constraint type 2 (CT 2): Solubilized lignin mass per year ≤ or ≥ or = SLM* 

∑ 𝐵𝐷𝑊𝑀𝑖 𝑥 𝐿%𝑖 ≤ 𝑆𝐿𝑀 ∗ 5
𝑖=1             

Where: SLM* = solubilized lignin mass in tons per year determined by the 

capacity of the recovery boiler  

3) Constraint type 3 (CT 3): Plantation area used per year ≤ or ≥ or = PA* 

∑ 𝑃𝐴𝑖 ≤ 𝑜𝑟 ≥  𝑜𝑟 = 𝑃𝐴 ∗ 5
𝑖=1           

Where: PAi = plantation area used by taxon per year 

PA* = total plantation area in ha used per year as dictated by the 

company’s strategic plan 

4) Constraint type 4 (CT 4): Restriction of plantation area by taxon obeying 

company policies on diversification of species to reduce disease risk.  

Plantation area to be used per year ≤ or ≥ or = PAi*   

∑ 𝑃𝐴𝑖 ≤ 𝑜𝑟 ≥  𝑜𝑟 = 𝑃𝐴𝑖 ∗ 5
𝑖=1           
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Where: PAi* = value of plantation area used per taxon assigned by the 

company’s management for diversification purposes and limitations in 

labor and infrastructure   

5) Constraint type 5 (CT 5): Positivity:    VYi ≥ 0   

Where the value of all the variables used in this problem has to be equal 

to zero or positive; this constraint type 5 was included in the analysis of all 

the cases.             

The solution to this problem was found using the tool Solver, a function of 

Excel, Microsoft Office 2013TM.   

Results and Discussion 

Mean values for the different variables included in this problem are illustrated 

in Table 3-2. The number of taxa in this problem is only five, with small levels of 

change being associated with some variables and large change associated with 

others. There is a great variation for volume yield among taxa and bone-dry wood, 

with coefficients of variation (CV%) of 16.0% and 47.2% respectively. Wood density, 

pulp yield, lignin content, and solubilized lignin have small CV% with values below 

4.0%. It is important to note, though, that variations of 2% in pulp yield might cause 

large differences in profitability at the mill.  The large value for wood-specific 

consumption is the result of assessing juvenile wood (12-year-old trees) that has 

relatively low wood density and low pulp yield.  Pinus taeda had the largest wood-

specific consumption of 7.04 m3 of green wood per ton of dry pulp, while P. greggii x 

P. tecunumanii was the most efficient, with 6.44 m3 of green wood per ton of dry 
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pulp. The unit pulping costs and the unit profits were taken from the NCSU TEAM 

(Technical and Economic Model of a Pulp Mill) described in the second part of 

Chapter 2.   

 

Table 3-2. Statistical parameters for wood density, pulp yield, volume yield, lignin 
content, bone-dry wood mass, green wood consumption, wood-specific 
consumption, solubilized lignin, total unit pulping costs, and profits for the 
five pine taxa analyzed in this case.  

Parameter Mean Minimum Maximum CV% 

Wood density (ton/m3) 0.378 0.362 0.392 3.3 

Pulp yield (%) 39.2 38.2 39.8 1.9 

Volume yield (m3/ha) at rotation age 310.9 237.8 385.1 16.0 

Lignin content (%) 29.4 28.9 30.0 1.5 

Bone-dry wood mass (ton/ha) 118.0 88.5 150.2 47.2 

Wood specific consumption (m3/ton dry pulp) 6.76 6.44 7.04 3.6 

Solubilized lignin (Kg/m3 bone-dry wood) 294.4 289.0 300.0 1.5 

Total pulping costs ($/ton dry pulp) 430.0 389.0 483.0 8.2 

Profits ($/ton dry pulp)  104 47 146 36.0 

  

 

Profit Maximization  

The results for the three first cases are illustrated in Table 3-3. In case 1, 

when the constraints were the amount of solubilized lignin (740,000 tons per year), 

the total area planted (20,000 ha per year), and the dry pulp output (1,000,000 tons 

per year), the solution favored the species with low lignin content, the greatest 

volume growth, high wood density, and high pulp yield to maximize profits. The pine 

hybrid P. greggii x P. tecunumanii was selected, with total pulping costs of $685 

million and total profits of $146 million.  

In case 2, when labor and infrastructure in the nursery limited the cuttings 

production for the hybrids (number of cuttings to plant 8,000 ha), the optimization of  
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Table 3-3. Maximization of profits with different constraints. Annual values for all the 
taxa and variables.     

Case 1 
Constraints 

Variable P. greggii P. taeda P. tec gre x tec tae x tec 
Total 

Pulp output = 1 
million ton/year 
SL ≤ 740,000 
ton/year 
Total area ≤ 
20,000 ha/year 

Total dry pulp 
production 
(tons)  

  

1,000,000  

 

1,000,000  

Bone-dry wood 
consumption 
(tons) 

   

2,512,563  

 

2,512,563  

Green wood 
consumption 
(m3)  

  

6,442,468  

 

6,442,468  

Solubilized 
lignin (tons)   

  
733,668  

 
733,668  

Planted area 
harvested (ha)  

  
16,730  

 
16,730  

Total costs 
(million $)  

  685.0  685.0 

Total profits 
(million $) 

   146.0  146.0 

        

Case 2 
Constraints 

Total dry pulp 
production 
(tons) 521,823  

  

478,177  

 

1,000,000  

Pulp output = 1 
million ton/year 
SL ≤ 740,000 
ton/year 
Total area ≤ 
20,000 ha/year 
Area hybrids = 
8,000 ha 

Bone-dry wood 
consumption 
(tons) 1,324,424  

  

1,201,450  

 

2,525,874  

Green wood 
consumption 
(m3) 3,522,404  

  

3,080,640  

 

6,603,044  

Solubilized 
lignin (tons)  382,758  

  
350,823  

 
733,582  

Planted area 
harvested (ha) 10,949  

  
8,000  

 
18,949  

Total costs 
(million $) 373.6 

  
327.6 

 
701.2 

Total profits 
(million $) 

60.0   69.8  
129.8 

        

Case 3 
Constraints 

Total dry pulp 
production 
(tons) 457,565  33,789  40,163  418,405  50,078  1,000,000  

Pulp output = 1 
million ton/year 
SL ≤ 740,000 
ton/year 
Total area ≤ 
20,000 ha/year 
Area hybrids = 
8,000 ha 
Area per taxon ≥ 
1,000 ha 

Bone-dry wood 
consumption 
(tons) 1,161,332  88,454  

100,91
1  1,051,268  129,736  2,531,702  

Green wood 
consumption 
(m3) 3,088,649  237,780  

278,76
0  2,695,560  330,960  6,631,709  

Solubilized 
lignin (tons)  335,625  26,536  30,072  306,970  38,013  737,216  

Planted area 
harvested (ha) 9,600  1,000  1,000  7,000  1,000  19,600  

Total costs 
(million $) 327,6 26,5  29,7  286,6  35,7 706,1  

Total profits 
(million $)  

52.6 1.6 3.7 61.1 5.9 124.9 
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profits occurred with two taxa: P. greggii x P. tecunumanii, with 52% of pulp 

production, and P. greggii, with 48%. The area that could not be used by the hybrid 

was planted with P. greggii, the species with the lowest lignin content, relatively high 

growth, high pulp yield, and strong profits per ton of pulp. The total costs of pulping 

in this case were $701.2 million, while the total profits reached $129.8 million. 

In case 3, with all the previous constraints in place, as well as the new 

restrictions imposed by the management on taxa diversification, the total production 

of dry pulp was 1,000,000 tons, and all the species were planted. The total area 

available for the two hybrids, 8,000 ha, was used, with 7,000 ha for P. greggii x P. 

tecunumanii and 1,000 ha for P. taeda x P. tecunumanii.  Pinus greggii was still 

planted in 9,600 ha, and the rest of the species in 1,000 ha, for a total of 20,000 ha. 

Almost 88% of pulp production came from P. greggii x P. tecunumanii and P. greggii, 

with the other 12% distributed among the other three taxa. The total cost of pulping 

was $706.1 million, and the profits were $124.9 million. 

Diversity Index Maximization 

Table 3-4 presents the results of the model when the diversity index was 

maximized. These results show the maximum level of diversity that can be achieved 

with the five taxa and all the restrictions of the problem. The maximum value that the 

diversity index can reach is 5.0, but in this case, its value was 3.36.  

The results of this case are comparable to the results of the third case, where 

all the same constraints restricted the results of the problem. In this case, for the 

same level of production, the diversity was higher than in case 3. The area 



 

140 

distribution by taxon is more balanced than in case 3, with a decrease of 1,914 ha of 

P. greggii and 174 ha of P. greggii x P. tecunumanii.  The area reduction in these 

two taxa was compensated by the increase in area of P. taeda x P. tecunumanii and 

P. tecunumanii. Pinus taeda area of 1.0 million ha stayed the same as in case 3. 

The total manufacturing costs were $708.6 million, and the total profits $122.5. The 

greater level of diversity of case 4 over case 3 had an additional cost of $2.4 million, 

which was reflected in a decrease in profits by the same amount.  

  

Table 3-4. Maximization of diversity index with all the constraints used in case 3. 
Annual values for all the taxa and variables. The diversity index in this 
case was 3.36.   

Case 4 
Constraints 

Variable 
Pinus 

greggii 
Pinus 
taeda 

Pinus 
tec 

gre x tec tae x tec 
Total 

Pulp output = 
1 million 
ton/year 
SL ≤ 740,000 
ton/year 
Total area ≤ 
20,000 
ha/year 
Area hybrids 
= 8,000 ha 
Area per 
taxon ≥ 1,000 
ha 

Total dry pulp 
production (tons) 366,304  33,789  133,114  407,982  58,810  1,000,000  

Bone-dry wood 
consumption (tons) 929,706  88,454  334,456  1,025,082  152,358  2,530,056  

Green wood 
consumption (m3) 2,472,622  237,780  923,913  2,628,414  388,669  6,651,398  

Solubilized lignin 
(tons)  268,685  26,536  99,668  299,324  44,641  738,854  

Planted area 
harvested (ha) 7,686  1,000  3,314  6,826  1,174  20,000  

Total costs (million $) 262.3 26.5 98.4 279.5 41.9 708.6 

Total profits (million $)  42.1  1.6 12.3 59.6      6.9 122.5 

 

 

The results of case 5 are presented in Table 3-5. To maximize the diversity 

index to the ideal number of 5.0 as illustrated in Table 3-5, the restriction of one 

million tons of pulp production had to be removed from the problem, leaving the 

other constraints as they were in case 4. In this case, the pulp output only reached 
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925,853 tons out of the one million total capacity. Obviously, with this decrease of 

pulp production of 74,147 tons, the profits went down by $20.9 million.  

 

Table 3-5. Maximization of diversity index, removing the constraint of pulp output. 
Annual values for all the taxa and variables. The diversity index in this 
case was 5.0. 

Case 5 
Constraints 

Variable 
Pinus 

greggii 
Pinus 
taeda 

Pinus tec gre x tec tae x tec Total 

SL ≤ 
740,000 
ton/year 
Total area ≤ 
20,000 
ha/year 
Area hybrids 
= 8,000 ha 
Area per 
taxon ≥ 
1,000 ha 

Total dry pulp 
production 
(tons) 190,643  135,158  160,651  239,088  200,313  925,853  

Bone-dry 
wood 
consumption 
(tons) 483,867  353,817  403,645  600,725  518,945  2,360,998  

Green wood 
consumption 
(m3) 1,286,  951,120  1,115,040  1,540,320  1,323,840  6,217,200  

Solubilized 
lignin (tons)  139,837  106,145  120,286  175,412  152,051  693,731  

Planted area 
harvested 
(ha) 4,000  4,000  4,000  4,000  4,000  20,000  

Total costs 
(million $) 136.5 106.0 118.7 163.8 142.8 667.8 

Total profits 
(million $)  21.9 6.4 14.8 34.9 23.6 101.6 

 

 

Assuming that the only constraint in the problem was the one-million-ton 

capacity of the mill, without any area or lignin constraints, the maximum diversity 

index of 5.0 would have been reached with 4,320 ha of land per taxon, and total 

profits would have been $109.7 million (see Table 3-6). 

If no constraints were in place other than the production capacity of the pulp 

mill of one million tons per year, there would not be any need for the use of 

optimization techniques. The maximization of profits would be achieved by planting 
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the P. greggii x P. tecunumanii hybrid only, and the total profits would be $146 

million. The maximization of genetic diversity would be accomplished by planting 

 

Table 3-6. Maximization of diversity index with the pulp output constraint only. 
Annual values for all the taxa and variables. The diversity index in this 
case was 5.0.  

Case 6 
Constraints 

Variable P. greggii P. taeda P. tec gre x tec tae x tec Total 

Pulp output 
= 1 million 
ton/year 

Total dry 
pulp 
production 
(tons) 205,911  145,982  173,516  258,236  216,355  1,000,000  

Bone-dry 
wood 
cons. 
(tons) 522,618  382,152  435,971  648,834  560,505  2,550,080  

Green 
wood 
consumpti
on (m3) 1,389,941  1,027,291  1,204,339  1,663,677  1,429,861  6,715,108  

Solubilize 
lignin 
(tons)  151,036  114,646  129,919  189,460  164,228  749,289  

Planted 
area 
harvested 
(ha) 4,320  4,320  4,320  4,320  4,320  21,602  

Total 
costs 
(million $) 89.0 51.5 66.8 129.7 97.4 434.4 

Total 
profits 
(million $)  23.7 6.9 16.0 37.7 25.5 109.7 

 

 

the five taxa in 4,320 ha per taxon, with total profits of $109.7 million. The cost of 

diversity maximization in this case would be $36.3 million, equivalent to 25% of the 

total profits obtained with the hybrid. This would be a substantial amount of money to 

pay for reduction of disease risk. Paying to have all the taxa planted instead of one 

could be interpreted as a very expensive insurance policy. In the real world, 
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operational, technical, and economic constraints are always present, as the first five 

cases illustrate.  

In a more realistic scenario with the restrictions of the first five cases, 

optimization techniques are powerful tools that provide management with relevant 

information for decision-making. The difference between the total profits of case 1 

(no diversity) and case 5 (maximum diversity) would be $44.4 million, equivalent to 

30% of the total profits obtained with the P. greggii x P. tecunumanii. Obviously, the 

cost of diversity in this case is much greater than in the previous case without 

restrictions. This is a large amount of money to pay for diversity, unless the risk of 

diseases is very large. If, for example, it is well known that planting one taxon will 

always be a failure because the probability of a disease killing all the trees is 100%, 

the risk is infinite, and very expensive insurance policies must be paid. Species that 

have been growing for years, but that start dying because of a new disease, must be 

replaced with other more tolerant species or taxa, even if the latter’s growth and 

wood properties are inferior.    

It should be noted in this example that the profits from case 1 to case 5 

decrease continuously when more constraints play a role in the solution and the 

level of genetic diversity increases. There is also a trade-off between the profits and 

the total pulping costs, both moving in opposite directions (Figures 3-1 and 3-2). 

When the number of constraints increases in the different cases described above, 

the production of the same quantity of dry pulp in the mill becomes more expensive, 

increasing the manufacturing costs and decreasing the total profits. This occurs 
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because the area and solubility of lignin constraints force the use of taxa with high 

costs and low profits that would not be included without constraints.  The only 

exception to this trend is given for case 5, where the one million tons of pulp 

production was not possible with the restrictions in place for the first four cases. For 

this reason, the pulp output decreased to 925,853 tons, as did the total costs of 

production. 

 

  
Figure 3-1. Trade-off between total profits and total pulping costs for a pulp mill 

producing one million tons of dry pulp per year when the number of 
constraints and the diversity level increase.  

 

Figure 3-2 illustrates the trade-off between the total profits and the diversity 

index, where the two variables moved in opposite directions. As mentioned for 

Figure 3-1, the addition of more taxa to the solution of the problem brought lower 

profits, even though the level of diversity increased. The profits of case 5 decreased 
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significantly from case 4, not only because the level of diversity increased but also 

because the pulp output was less than one million tons.  

 

 
Figure 3-2. Trade-off between total profits and diversity index for a pulp mill 

producing one million tons of dry pulp per year when the number of 
constraints and the diversity level increase. 

 

As shown in this analysis of five taxa with different growth and wood 

properties, the more obvious the differences in growth, wood traits, and pulp traits 

(as is the case here between the P. greggii x P. tecunumanii hybrid and P. taeda), 

the larger the difference in profits. The approach used in this study should be very 

useful to managers of integrated pulp companies who must make decisions amidst 

operational, technical, and economic limitations about which taxa, families, or clones 

will optimize their companies’ profits and reduce risk. Optimization techniques may 

be very useful when making decisions on a large number of clones or families to 

plant with different levels of susceptibility to diseases, different growth, and different 
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wood and pulp traits. Making decisions in real-world scenarios, where multiple 

constraints impact production, can be much more efficient and effective with the use 

of optimization tools such as the one presented in this paper. 
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